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SPECTROPHOTOMETRIC METHODS FOR DETERMINING 
STELLAR LUMINOSITY 


By BERTIL LINDBLAD 


ABSTRACT 


Two spectrophotomeiric methods for determining absolute magnitudes.—(1) Relative 
intensity of spectral regions on either side of \ 3907. Using the 10-inch Cooke refractor 
with 6° objective prism, a series of images of decreasing density was obtained for each 
star on each plate, making each exposure 0.707 times the preceding, and from these 
images the exposure ratio (E=i,/t;) required to give the same density in the two 
adjacent spectral regions was determined for stars in well-known groups with common 
proper motions and hence common parallaxes—the Hyades, the Pleiades, the Ursa 
Major stream, and Praesepe—and also for some stars with known spectroscopic 
parallaxes, in all, 107 stars of types A and B and 74 stars of later types. The results 
show that, especially for stars of type B8 to A3, there is a definite correlation between 
E and M, the variation being such that even with the small dispersion here used the 
probable error of a determination of M for a star within this range of type and of 
absolute magnitude o to 4 is only oM4. (2) Relative intensity of cyanogen bands and 
adjacent spectral regions. Using the same instrument and method as above, the relative 
density on either side of \ 3889 was determined from stars of known parallax, and 
since the band at \ 4216, though weak, is more favorable for the redder stars, the 
relative density in regions \A\ 4144-4184 and dd 4227-4272 was determined for 78 
late-type stars. The absorption was found to be strongest for the giants of types 
Gs-—Ks5 and much weaker for dwarfs; in fact all stars with log E>o.17 are giants. 
Figures 3-5 show the variation of log E with M for various types. 

Relation of spectra of A and B stars to absolute magnitude—A study of some 
spectra made with the 60-inch showed that the increase in the density of the region 
A 3889-3907 with reference to AX 3907-3935 is caused by a widening of the H¢ line 
and also of some arc lines of Fe and Si, which may be due to a greater density gradient 
in the outer layers of the less luminous stars of this type. a Cygni and the faint 
companion of o, Eridani represent extreme types. 

Spectral type and luminosity of 137 faint stars of magnitudes ro to 14, in Messier 11, 
Messier 13, and Selected Areas 63 and 64, were determined from ro plates made witha 
small focal-plane spectrograph attached to the 60-inch. - Dwarfs and giants were 
distinguished by applying the spectrophotometric results reported above. 

Spectrophotometric parallax determinations.—The concordance of the results for 
log E as a function of M, as determined from the various groups of stars, indicates 
that the assumed parallaxes for the Hyades, Pleiades, and Praesepe, 07023, oYo10, and 
070072, respectively, are accurate to within 10 per cent. The value found for Messier 
II is 0700040. 

Schwarzschild’s constant p for Seed 23 plates was determined for images made with 
the 1o-inch refractor and 6° prism and found to be equal to: 0.970.026 (m--5), where 
m is apparent magnitude ranging from 4 to 8. X-ray developer was used. 


I. A CRITERION OF ABSOLUTE LUMINOSITY FOR STARS OF 
SPECTRAL TYPE A 
The faint companion of the star o, Eridani of apparent mag- 
nitude 9.5 and absolute magnitude-+ 10.3 was found by Adams’ to be 
t Publications of the Astronomical Society of the Pacific, 26, 198, 1914. 
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of spectral type Ao, and, intrinsically, is by far the faintest A-type 
star known. Some photographs of this object, taken with an 
objective prism on the ro-inch refractor and with a focal-plane 
spectrograph in conjunction with the 60-inch reflector, showed 
some peculiarities in the energy-distribution of the spectrum, when 
compared, for instance, with the spectrum of Sirius. The most 
conspicuous feature is the very strong widening of the wings of the 
hydrogen lines, connected with a decided weakening of the high- 
numbered members of the Balmer series. On the spectrograms of 
low dispersion taken here, Hy is the last hydrogen line to be 
identified .with certainty. Seemingly as a consequence of this 
weakening of the extreme hydrogen lines, the photographs show a 
faint extension of the continuous spectrum much farther into the 
ultra-violet than is the case for an ordinary A-type star. A further 
difference between this star and Sirius was found in the distribution 
of energy between He and H¢, apparently consisting in a consider- 
able decrease of intensity in the region » 3889-A 3907 as compared 
with the region \ 3907-A 3935. This phenomenon may be caused 
partly by the expansion of the wings of H¢, but there was seemingly 
also some other cause; in particular, a widening of the silicon arc 
line \ 3905.6 was suspected. This line is well developed in the 
spectrum of Sirius, though probably it is to some extent a blend 
with an enhanced line of chromium. In order to see whether the 
last mentioned phenomenon might be a general criterion of intrinsic 
brightness for A-type stars, an investigation was begun on the 
Hyades which was later extended to include other groups of 
common proper motion. 

The instrument used was the 1o-inch Cooke refractor with 
an objective prism of 6°. The scale of the spectra thus obtained, 
about 340 A per mm in the region of the K line, is probably near 
the lower limit possible for a successful investigation of the effect. 
No widening of the spectra was undertaken. Satisfactory images 
of an A star of photographic magnitude 6.5 were thus obtained in 
one minute. Seed 23 plates were used, with X-ray developer. 
Owing to the steep color-curve of the objective for the extreme 
violet, only a small region of the spectrum can be in good focus for 
a given setting; that used corresponded to the interval \ 3889- 
d 3920. 
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In order to measure the decrease of intensity at \ 3907 the 
following process was used. For each object a series of exposures 
was made on the same plate with exposure-times decreasing in the 
ratio V 2:1. Each star thus produced a sequence of images of 
decreasing photographic density; that is, a scale of images which 
may be represented by the numbers 0, 1, 2, 3, etc., corresponding 
to the exposure-times 4, 4, bh, 4 ...., Where @:tj4,=V 2. 
The density in the region \ 3895 to \ 3907 of a certain image, for 
instance, the first, was compared with that in the region \ 3907 to 
d 3925 of the following images. The point in the scale of images 
for which the density in the second region equaled that of the first 
region in the reference image, was estimated by interpolation to a 
tenth of an interval. Suppose the exposure-time corresponding to 
this ‘‘scale-reading”’ to be ¢#. The logarithm of the ratio 4:4, 
denoted by log £, is then a measure of the energy-fall in the spec- 
trum near 3907. The successive images define a scale with 
intervals of logarithmic exposure-ratio equal to 0.15, and the 
“‘scale-reading”’ observed is therefore readily converted into log E. 
As many estimations as possible were made from each series of 
images, starting with each of the spectra in succession as a refer- 
ence image. The process is analogous to that used by Seares™ in 
determining the color of a star by the method of exposure-ratios. 
Distorted images, as well as very dense or very weak images, have 
not been measured. Whenever possible, measurements were made 
with the plate in two opposite positions. In some of the measure- 
ments, especially of very bright stars, like Sirius, for which suf- 
ficiently short exposures could not be made with the accuracy 
necessary to form a reliable scale, the value of log E was estimated 
directly from the difference of density between the two regions in 
the same image. Apart from the influence of possible changes of 
gradation from one plate to another, the two methods, if checked 
against each other, should give equivalent results. This follows 
from Kron’s? results for the law of photographic density as a function 
of intensity and exposure-time. If the gradation in a time-scale 

is constant, a difference in density obtained during the same 


t Proceedings of the National Academy of Sciences, 2, 521, 1916. 
2 Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 22 (No. 67), 
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3 


4 BERTIL LINDBLAD 


exposure for two different light-sources will always correspond to 
the same ratio of exposure-times giving the same density, independ- 
ently of the order of magnitude of the intensities, in this case, of 
the apparent magnitude of the star. 

The wave-length \ 3907, separating the two regions, is easily 
identified with sufficient accuracy from its position relative to the 
lines Hf, He, and K. The abrupt fall of intensity near this wave- 
length for low-luminosity A-type stars was confirmed by these 
observations and also on spectrograms of higher dispersion, as will 
be seen later. With the low dispersion used, the rapid change in 
intensity Neaves the density fairly uniform in the two regions, 
d 3895-A 3907 and A 3907-A3925. In fact, the success of the process 
depends on this circumstance. On the other hand, the smallness 
of the dispersion entails relatively large accidental errors, thus 
necessitating the use of a rather large number of images in order 
to get a reliable mean result. 

Because of the juxtaposition of the two regions in the spectrum, 
it is evident that the influence of slight changes in the sensibility- 
curve of the plate, as well as of a variation in zenith-distance 
within reasonable limits from one object to another, will be negli- 
gible. The same will hold for a difference of gradation for the two 
regions. Further, if we use the law of density in Schwarzschild’s 
form, S=¢ (Zé), we may assume the value of p to be the same for 
the two regions. Suppose J, and J, to be the acting intensities for 
the first and second regions, respectively, and suppose Sy, f, S,, ta, 
to be corresponding values of density and exposure-time for the 
two regions. Then for equal densities we have S,=S,, and 


Ti= fe 
log ?=p log Amp log £. 


If we use the same kind of plates and the same developer, we have 
reason to assume p to be tolerably constant, though experience 
shows that large deviations may occur. 

Since we may certainly disregard any difference in gradation 
for the two regions, there cannot, according to Kron’s results, be 
any change of log E with the density of the images, a result which 
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seems to be confirmed by the measures. This follows from the 
parallelism of the curves log It against log J for different degrees of 
density in Kron’s diagrams. Two values of log J giving the same 
density will demand the same difference of log ¢ for all values of 
the density. There may be, however, a slight change of log E 
with the absolute value of the acting intensity, that is, with the 
apparent magnitude of the star, due to the bending of the curves 
mentioned, corresponding to a change of the exponent p with the 
intensity. 

The method described here admits a determination of Schwarz- 
schild’s constant / for a certain intensity, as soon as we have on a 
single plate the series of images of two different stars whose magni- 
tudes are accurately known. The method of measurement is 
simply to interpolate the density of the successive images of one 
star into the scale defined by the images of the second star. In 
A log I 
A logit 0s 
nearly all of the plates used here; in some cases p was determined 
for very different intensities on the same plate. The results seem 
to confirm Kron’s conclusions. There is a decided decrease of p 
with the apparent magnitude. The mean from five plates is 

Ap 


as —o.026+0.002 (P.E.), 


this way p has been determined from the relation p= 


for photographic magnitude 6.5. 

Assuming a linear relation between p and m to hold for the 
variation of intensity met with in this investigation, we have as a 
mean for the first seventeen plates measured p=0.97—0.026 (m—S). 
Individual plates were assumed to differ from this equation by a 
constant e, which in so far as possible was determined for each plate. 
The probable deviation in p from the formula for one plate, com- 
puted as a probable error for the seventeen plates mentioned, was 
found to be +0.03. A few Seed 23 plates of a later emulsion give, 
in the mean, lower values of p. One plate of the Pleiades was dis- 
carded by reason of an abnormally low value of ». The values of 
log E were reduced, as far as possible, to p=0.97. As a rule the 
corrections were small. 
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From stars measured on more than two plates it appears that 
the probable error of log E from a series of four measured images 
onasingle plate is+0.025. The residuals of different plates indicate 
a probable systematic error of about-o.02. A considerable part 
of the probable error in log E for one plate must therefore be due to 
causes common to all the stars on the plate taken in the same expo- 
sure. For the greater part these are probably connected with 
irregularities in the images caused by imperfect guiding. From the 
foregoing discussion it seems unlikely that varying quality of the 
plates contributes appreciably. In computing the final values of 
log E, weights were therefore assigned equal to the number of 
images measured on the respective plates. 

Attention was given first to members of well-known groups of 
stars with common proper motions, the Hyades, the Pleiades, the 
Ursa Major stream, and Praesepe, for which values of the parallaxes 
have been derived from the stream-motion or other plausible 
considerations. The large number of early-type stars in these 
clusters makes it much easier to establish the relation of spectral 
intensity to absolute magnitude than is the case for later types. 
Tables I-IV contain the results for stars of these groups; in addi- 
tion, Table V gives results for some stars of types B5 to Bo of 
Kapteyn’s groups in Orion and Scorpius, and for the two stars, 
a Cygni and Comp. o, Eridani, which may be considered as repre- 
senting extreme limits for the luminosities of A-type stars. 

For the Hyades the parallax used for computing the luminosities 
is that of Kapteyn-Kiistner,' t=07023. The Ursa Major stars are 
given according to Bottlinger.2? Thirteen of the fifteen A-type 
stars which are certainly members of the group have been 
observed for this investigation. The absolute magnitudes of « and 
¢; Ursae Majoris, spectroscopic binaries with composite spectra of 
nearly equal intensities, have been increased by-+o™75 in order to 
reduce to the absolute magnitude of each component. For the 
Pleiades a list of probable members brighter than 9“5 photographic 
has kindly been communicated by Dr. Trumpler of the Lick 
Observatory. The value of the parallax adopted is Trumpler’s? 


* Publications of the Astronomical Laboratory at Groningen, No. 23, IgQ09. 
? Astronomische Nachrichten, 198, 153, 1914. 
3 Publications of the Astronomical Society of the Pacific, 33, 214, 1gar. 
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result, =07o10, derived by means of the orbital motion of ten 
visual binaries belonging to the group. Some stars of the list are 
not measurable on the plates’ because of overlapping images. The 
maximum exposures for the four plates used were 30 minutes, 10 
minutes, 2 minutes, and 30 seconds, respectively. For the Praesepe 
TABLE I 
HYADES, t=0%023 


STAR 
Vis. Mac.| SpectRuM| toc E | N n M M AM |AtocE 

Gron. BD a S 

23 

— +15°632..... 3.62 Fo Ciel! ai 2 | 0.43 

- TOrO40..... 3.63 Go 0.09] «| 8] 0.44 

28 POOL 2o.0,. 3.86 G7 On05 I 3) ers nOno7, 

79 DT tas 3.93 Go Cy | 2) BA lboxcz! 
224 qe OST Se. 3 4.04 Go On 050|0 40 205|O.85 
143 ny GAMO Ter ee 4.24 A2 rey || |) wees || anes |] ee) [rong || 2 
170 PIGOD Gieret 4.60 AS yey? IP Gh |) Oe | seaye || ae oke Vee ex |) 35) 
315 TAO tere 4.75 AS OnLOn | meselies Sullere5O 
107 1 Ay 4.84 AS CWae) |) 2] Bish || seh or 
385 EE OOG%....i.5 4.85 A3 0.25 Py |e | e010) |] B50 IO) |) aA 
251 TO EK y Bene 4.84 AS 722) | 20 | On| EROS 

38 TAOS Lina ere 27 Fo Swine || zi || Be |bexrerts) 
255 TSKOSO >< «cic 5-49 AS Cho | 23 |) axe Bosyes 

34 ESNOO3) «isa ate Fo O-TON |i ess | toes 4 Oo 

87 HOP; OOe sy. veh 5.68 A2 On225 | ese |) ro 2540) | |eneOn | O-,Omlma— 2 
245 M102 Ores 5.70 Fo O23 Pl) ame WP Pes bin 

64 ESIO0S: «<< Pages A3 Cees || Zyl) ah) Beatie || Site || | 
371 15 Ones... 5.80 Fo 0.19 2m ELON |e 2eOr 
222 EA FO2: clein « 5.97 Fo MEO) |e 2 |) aie) |p eee 
282 TE IOAGS oe o's 6.04 Fo Cysneyp |! 2) || Biles || PetiG 

44 TANGO Si tects 6.14 F2 Onlin meseleceu eros 

I TOO Blac oie 6.35 F5 Keats |) BE || We || ey Ades 
TOW T5021... 6.39 F8 Qe || ZA Bt || oe: 


cluster Kohlschiitter’s' value t=07%0072 was adopted. This was 
derived by a comparison of the relations between apparent magni- 
tude and spectrum for the early-type stars in the Hyades and 
Praesepe. This value is at least consistent since it gives for the 
four bright K stars of Praesepe a mean absolute magnitude nearly 
equal to that of the corresponding stars in the Hyades. For one 
of the Praesepe stars mentioned, B.D.+20°2166, Mr. Adams has 
kindly secured a spectrogram, from which he estimates the absolute 
t Astronomische Nachrichten, 211, 289, 1920. 
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magnitude to be —0.4. A result of the same order is indicated by 
the strong absorption in the “cyanogen” bands shown by a spectro- 
gram of the same star, taken by the writer with the Crossley 
reflector, which places the luminosity near that of 6 Geminorum 
(M=+1.7). The value M=+0.69 found with =o%0072 is in 
fairly good agreement with these results. The stars from Kapteyn’s 
lists have been combined into groups having the same spectral 
type and nearly the same values of log E. The absolute magnitude 


TABLE II 


Ursa Major STREAM 


Star Vis. Mag. | Spectrum | log Z | NV n M a M s AM |AlogE 
(OOM esacenlh Cage Ao Onne 2 | 09 |.0.37) |nOn4 0.0 ° 
e Ursae Maj...... 1.68 Aop | 0.15 2| 10] 0.55 | 0.8 |—0.2 | +2 
8 Serpentis....... 3.74 A2 Of1Z ul 2a |e raeilOrs5 Os NOnsal One ° 
y Ursae Maj...... 2.54 Ao OntAn lees a2 2 OOOnnOnO 0.0 ° 
7 OuVarcinisaeereaiey 4.93 A2p | 0.13 | 2] 12 | 0.66] 0.5 |+o0.2 | —1 
B Ursae Maj..... 2.44 A2 Orsi! 935| LET |osso: (tons 0.0 ° 
a Canis Maj...... —1.58 Ao O20) |i -25| LAR 2 "ets lO oa een 
fz Ursae Maj...... 2.40 Aop | 0.20 | 2| 8] 1.44] 1.5 |—o.1 | +3 
ONO Vic dilecmeral ten es 6.05 Ao Onron| ee 6 | 1.62 | 1.4 |-+0.2 | —2 
Soe rIdanieeee tae Ree A2 On2O) | to sige t-O30ite sin --omn ° 
6 Ursae Maj..... 3.44 A2 O.2T sl) 4alecOu| eke te | Srey 0.0 ° 
g Ursae Maj..... 4.02 As foye Sond thee al eto ene Ss elle oss owlinbonn on 
GamUrsaerMajarraee 3.96 Ao 0.23 1H 78 | Dew |) Aw 0.0 ° 


was assumed to be the same within each group, and was calculated 
from the means of Kapteyn’s values of the parallaxes. 

The fourth column of the tables contains the final values of log E, 
corrected to p=0.97; the fifth and sixth give respectively the num- 
ber of plates and the total number of images on which these values 
are based. The seventh column gives the absolute magnitude M,, 
derived from apparent magnitude and parallax by the relation 
M=m-+5+5logr. The eighth column gives the absolute magni- 
tude M,, read by means of log E from the curves in Figure 1. The 
ninth and tenth columns give the residuals in M and log E from 
these curves. 

The visual apparent magnitudes for the Hyades, the Ursa 
Major stars, and for Kapteyn’s stars are from the Draper catalogue. 
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TABLE III 


PLEIADES, t=0*0I0 


= I a] 


30 


13 


se eee 


Vis. Mac. Seecreunt| too E | N n M.. M, AM |AtocE 
| 
Distance from Alcyone=r° 

2.94 Bsp | 0.06 I AT = 2OOWe op eutell cvcrstarsin oetomeets 
a7s B8 0.06 g Soa ened EOLA Peed At forcaer ial echoes 
B70: Bsp | 0.11 3) | 02) ea eases atl! etenecotevell ceateneyste 
2.08 Bs 0.08 2 Fi | == TiO lrateravevell atersiacaya| (ererentels 
4.34 Bs ceva jal) BMP a olla tua cn clloudacc 
4.28 Bs Ov00%|) EE]. 3) |—=O27.2| ye escltramre cleaners 
ees B8p | 0.11 | 3] 10 |+0.15| 0.2 | 0.0 | +1 
isk Bs O.I1 i || FEE Coe Cee) ton} || <6) 
5.54 B8 0.16} 2] 9 | 0.54] 0.9 |—0.4 | +3 
5.68 B8 OOO 8 25 tea eOnOS| creel erie =—5 
5.83 B8 0.12 2 8 | 0.83] 0.4 |+0.4 | —3 
6.23) B8 OnlGnlersniere E23 lel 4u|—On2 eee 
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Those of the Pleiades are by Miss Parsons,' or by Miiller and 
Kempf with the reduction —o.30 to the Harvard scale. For a few 
Pleiades stars Miinch’s photégraphic magnitudes have been used, 
reduced to the visual scale by means of color-indices inferred from 
the spectral type, which is not far from Ao. The first part of 
Table IIT contains members of the group within 1°; the second, 
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between 1° and 3° from Alcyone. For the latter stars the photo- 
graphic magnitudes derived by Trumpler have been reduced to 
the visual scale in the same way as those by Miinch. For Praesepe 
the photographic magnitudes by Kohlschiitter on the Gottingen 
system were similarly reduced to visual magnitudes. The spectra 
are given according to Harvard with the exception that for 
Pleiades stars fainter than 75 the spectral types have been revised 
on the basis of the strength of the K line. 

Table VI contains the results of measurements on later-type 
stars from the list of spectroscopic parallaxes by Adams, Joy, 
Strémberg, and Burwell, made in connection with an investigation 
of the “cyanogen” absorption beyond d 3889. The means were 


t Astrophysical Journal, 47, 38, 1918. 
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taken for limited intervals of spectral type and absolute magnitude; 
N is the number of stars in each group. No correction was made 
for a variation of Schwarzschild’s constant, and the measurements 
for the individual stars are not as accurate as for the A-type stars 
in the preceding tables. In fact, with the decrease in intensity of 
H¢ and the general strengthening of the metallic lines in later 
spectral types the region 4 3895-A 3907 has no longer the same 
uniform appearance as for the early types. ‘The results in the table 
show, however, that the effect still persists to some extent in the 
later types, in spite of the vanishing of H¢. 
i TABLE VI 
Mean RESULTS FOR STARS WITH DETERMINED SPECTROSCOPIC PARALLAXES 


Spectral Range Mean Type N Mean Abs. Mag.| Mean log E 
Pcp G3 pana cuits ieee Gop 4 —2.5 0.05 
PAR — GS erect oct metore ae G1 3 —1.7 0.04 
ASI—HO acta emus toe tees F4 3 0.3 0.09 
BIg =Gie Wei acces F7 15 3.9 Osis 
Oh a eel aeh cen erica 6 G8 12 0.9 0.05 
GA Kono ae oe ore eee Go 6 Gay) 0.16 
KS Ma sa caols oi eeesenn ete Ks 7 0.6 0.12 
Ke SKre aed soe re Ks 3 og 0.24 


Figures 1 and 2 illustrate the result in the tables, log E being 
plotted against M,, with different symbols for the different groups. 
a Cygni and Comp. o, Eridani are represented by arrows. The 
absolute magnitude of a Cygni can only be estimated qualitatively 
as very bright from exceedingly small proper motion. Comp. 
o, Eridani with M=10.3 falls below the margin of the diagram. 
Figure 1 gives the results for spectral types B5-A3; Figure 2 for 
types from A5 on. From B8 to A2 there is no certain evidence of 
a change in the curve; but the A3 curve for lower luminosities 
evidently falls below the B8—Az curve, and forms a transition to 
the A5 curve in Figure 2. The degeneration of the curves for types 
A5-F is clearly a consequence of the decreasing intensity of H¢ with 
advancing type. 

Tt is evident from these results that the increase of log E with 
decreasing luminosity can be used for determining absolute magni- 
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tudes for stars of spectral types B8—A3, but that the curves for 
later types cannot give very trustworthy results. The curves 
further show that for very bright stars log E approaches a limiting 
value representing a very smooth run of the energy-curve between 


® Hyades 

+ Ursa Naor 

® Lraesepe 

© Ple/ages 

x Hapteyn Stars 


00 ol 02 @3 Loge 


Fic. 1.—Logarithmic exposure-ratio for the regions AX 3895-3907, 3907-3925, 
and absolute magnitude. Spectral types B5—A3. 


H¢ and K, a consequence of the extreme narrowness of all absorp- 
tion lines. This phenomenon seems to be more or less independent 
of type, a Cygni, Az, falling in with the Bs stars of the Pleiades. 
The Cepheids and pseudo-Cepheids and the very bright F4-G8 
stars in Table VI also fall near the same point of the diagram. The 
steepness of the curve for stars brighter than M =ois such that only 
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Fic. 2.—Logarithmic exposure-ratio for the regions Ad 3895-3907, 3907-3925, 


and absolute magnitude. 
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qualitative estimates of the luminosity can be made from values 
of log £ less than o.10. 

To form the B8—A2 curve, means of log E for certain intervals 
of M were taken for both Ursa Major and Pleiades stars. Between 
M=o and M=-+2 the curve was drawn to represent the Ursa 
Major stars. A comparison with the eleven Pleiades stars in this 
region observed on three plates gave a systematic difference of 
+0.002 in log E, which is negligible. The remaining parts of the 
curves were then drawn in accordance with the results for the 
Pleiades, attention being given also to the Hyades and Praesepe 
stars in forming the A3 and As curves. The co-ordinates of the 
curves in Figure 1 then run as follows: 


B8—A2 
Gy 2 eee eee ©.10 Only 0.20 0.25 0. 28 
OS oe eee +0.08 0.80 I.55 Rain 3.68 
A3 
Les IDR <2 CSO OES 0.10 0.15 0.20 0.22 On25 
Va No cys,<8.0)<°bp'0! ss) G +0.08 0.80 1.62 2.20 3.60 


The Fo curve in Figure 2 is drawn mainly from stars in the 
Hyades. 

The absolute magnitudes, M,, corresponding to log E have been 
read from these curves for all B8—A3 stars having log E>o0.10; the 
two As stars in Figure 2 with log E<o.18 are included. 

Errors in the assumed values of the parallaxes evidently combine 
with residual systematic errors in the measurements. From the 
discussion of systematic errors it seems that the reliability of any 
correction to the parallax that might result from the mean residuals 
for a group will probably depend more on the number of images 
measured for the individual stars than on the number of stars. 
The absolute magnitudes of the Ursa Major stars derived from 
stream-motion are probably but little affected by systematic errors. 
This likely is also true of the values of log E, because these stars 
were observed individually on a rather large number of different 
plates. As there seems to be no appreciable systematic difference 
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between the Ursa Major stars and the Pleiades we may conclude 
that Trumpler’s value of the parallax, =o%oto, is very good. 
With allowance for a possible systematic error of about 0.01 in 
log E the error may amount to about 10 per cent, or ==07 001. 
For the Hyades and Praesepe we can determine the parallax which 
causes the systematic difference in log Eto vanish. For the Hyades 
we find t=0"023, the value initially adopted; and for Praesepe, 
a=0"0068, differing by only 070004 from Kohlschiitter’s value. 
An uncertainty of 10 per cent is probably to be admitted for both 
these values. The Kapteyn stars of types B8 and Bg seem to 
agree with the curve as well as can be expected. 

The residuals AM for the individual stars are seen to be very 
small for the Ursa Major stars, but are rather large for some of the 
A3 stars of low luminosity in the other groups. This is to be 
expected from the steepness of the curve. In all, the residuals 
for seventy-one stars give a probable deviation of=o™4o0, which is 
comparable with the probable error of the spectroscopic method for 
late-type stars. With weights equal to the number of images, , 
the probable deviation in log Z from the curves is found to be 
0.026 for a value based on four measured images. This value 
is to be compared with +0.025 previously derived from the residuals 
in log E from the mean for different plates. The latter value, it 
was concluded, was produced to a considerable extent by systematic 
errors common to a large number of stars in a certain group. In 
the new value, on the other hand, the systematic errors are com- 
bined with errors in the parallaxes, and may be partly eliminated 
in drawing the curves. The close agreement of the two results 
suggests, however, that the correlation between the energy 
distribution around \ 3907 and the absolute magnitude is close. 

An investigation of spectra of higher dispersion for some 
selected A stars of different luminosities, photographed with a 
focal-plane spectrograph in the Newtonian focus of the 60-inch 
reflector, and with the Cassegrain spectrograph and an 18-inch 
camera, and also with a slitless quartz spectrograph used in con- 
junction with the Crossley reflector of the Lick Observatory, throws 
some light on the question of the physical cause of the effect 
investigated here. Undoubtedly the increase of log E with decreas- 
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ing luminosity is to a considerable degree caused by a widening of 
the wings of the H¢ line, the extreme limits being represented by 
very bright stars such as a Cygni and a Leonis with narrow hydrogen 
lines and the very faint companion of o, Eridani, which has exceed- 
ingly wide lines. But there seems also to be evidence of another 
cause. It appears as though certain arc lines of iron and silicon 
in the region \ 3889-A 3907 increase appreciably in width and inten- 
sity with decreasing luminosity. The lines suspected are AX 3895.8, 
3899.9, 3903.1, 3906.6 of iron, and \ 3905.6 of silicon. With the 
exception of AA 3903.1 and 3905.6, these lines are classified by King* 
as belonging to Class IB. The exceptions are in classes II and III, 
respectively. A widening of these lines with decreasing luminosity 
seems to contribute perceptibly to the depression of the intensity 
in the region Hf-d 3907. There seems to bea similar effect, though 
much weaker, in the region \ 3914-A 3923, including the two iron 
lines AA 3920.4 and 3923.1 of Class IB. On the whole, in stellar 
spectra the region between ) 3907 and K is certainly affected by 
heavy arc lines to a much smaller degree than the region H{-A 3907. 

In some spectra of Sirius photographed by Nicholson with the 
Snow telescope, with a dispersion of 3A per mm, the lines men- 
tioned between AXA 3889 and 3907 are plainly visible, except the iron 
line \ 3906.6. The line A 3905.6 is relatively strong, of about the 
same strength as the enhanced titanium lines AA 3900.7 and 3913.7. 
We probably have here a blend of the silicon line with an enhanced 
line of chromium, but an indication that the blend is to a consider- 
able part due to silicon may be found in the circumstance that the 
Kensington observers? state that it is somewhat weaker in the 
spectrum of e Ursae Majoris than in the spectrum of Sirius, in spite 
of the fact that of thirty enhanced chromium lines all are found 
stronger in the former star, except one which is given as of the same 
intensity in both spectra. In the case of a Lyrae and a Coronae, 
which are stars of Ao type more luminous than Sirius, \ 3905.6 is 
still to be seen in the spectrograms taken with the Cassegrain 


t Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913; Publications of 
the Astronomical Society of the Pacific, 33, 106, 1921. 

2 Solar Physics Committee, Chemical Origin of Various Lines in Solar and Stellar 
Spectra, p. 49, 1910. 
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spectrograph; of the iron lines only ) 3903.1 can be traced with 
certainty. On the other hand, in ¢, Ursae Majoris with M = +2.25, 
X 3903.1 is strong, and Ad 3895.8 and 3899.9 are clearly visible; 
in the position of \ 3906.6 there is a very broad line seemingly 
including \ 3905.6 as a blend. The prominent arc lines of iron 
between H¢ and Hn are very broad and well marked, probably 
affecting to a perceptible extent the integrated intensity of the 
region between these two lines, at least from \ 3860 to Hn. To the 
red of \ 3907 no effects of similar importance for the variation 
of the integrated intensity of wide patches of the continuous 
spectrum tan be seen, though the spectrum is evidently rich in lines. 
The K line, which indicates that the spectral type lies between Ao 
and A2, is weaker and sharper than in the spectrum of 6 Serpentis, 
type Az, M=o.56, in which the iron arc lines are faint. The 
visibility of the broad arc lines is therefore not likely to be inter- 
preted as due to an increase in spectral type. In addition to these 
comparisons made with the Cassegrain spectrograph, the slitless 
spectrograms taken with the quartz spectrograph on the Crossley 
reflector, and the low dispersion slit spectra obtained with the 
60-inch reflector, show an abrupt fall of intensity near 3907 
for ¢, Ursae Majoris, as well as for Nos. 10, 20, and 31 of the 
Pleiades, types Ao, Az, Ao, M=+2.37, 2.68, 2.54, respectively, 
for No. 64 of the Hyades, A3, M@=+2.57, and the Praesepe star 
B.D.+20°2165, Ao, M=-+2.03. The difference relative to the 
brighter Pleiades and Ursa Major stars is plainly recognizable. A 
very marked depression near \ 3906 is shown on a spectrogram of 
Comp. o, Eridani taken with the quartz spectrograph. From the 
appearance of the K line this star ought probably to be classified 
a little earlier than Ao. 

The effect in question persists for later types, as shown by 
Table VI and is confirmed by results from spectra of other kinds. 
The energy-fall in a slitless spectrogram at 43907 is much more 
pronounced for a dwarf than for a giant. This fact confirms our 
results just derived, because the importance of the hydrogen 
line H¢ for the effect must be negligible in these types. On the 
other hand, the degeneration of the effect toward type F shows 
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that Hf probably causes a large part of the phenomenon in the 
A type. 

The facts dealt with here“are probably best understood from 
the standpoint of an increased density-gradient in the outer layers 
of a star of certain type with decreasing luminosity, which follows 
because the change in luminosity is in all probability due chiefly 
toa change of the mean density. Fora layer of certain temperature 
the density will be appreciably greater in a star of low luminosity 
than in a more luminous one, a condition which may be thought to 
favor the strength and width of the arc and flame lines. 

The eclipsing binaries offer an opportunity to derive a relation 
between the effect at \ 3907 and the mean density of the star. 
From some preliminary results obtained here it has been found 
that the energy-fall near \ 3907 is strong for RZ Cassiopeiae and 
RR Draconis, whose brighter components have especially high 
mean densities, and seems to be much smoother for the low- 
density stars examined. For RZ Cassiopeiae a value of M be- 
tween +2 and +3 inferred from the spectrum is in fair agreement 
with Dugan’s' results for the dimensions of the brighter component 
of this star. 


Il. THE ‘‘CYANOGEN”’? ABSORPTION IN SPECTRA OF TYPES G-M 


Miss Maury? makes the statement in her classification of stellar 
spectra that the sudden decrease of general intensity in the spectrum 
from \ 3889 toward the ultra-violet found in types XIV and XV, 
as well as the degree of absorption in the regions \ 4055-A 4078 and 
\4144-A 4216, is developed to a different degree for different stars 
within these types. The variation of intensity in these regions is 
further thought to be correlated to some extent with the strength of 
the lines \\ 4215.7, 4227, and the compound line \ 4076.8-A 4077.9. 
Kapteyn’ showed that stars with heavy absorption in the violet 
and ultra-violet regions mentioned have on the average much 
smaller proper motions than stars with comparatively slight 


t Contributions from the Princeton Observatory, No. 4, 1916. 
2 Harvard Annals, 28, 38, 1897. 
3 Mt. Wilson Contr., No. 31; Astrophysical Journal, 29, 46, 1909. 
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absorption. This result was thought by him to bear upon the 
problem of selective absorption in inter-stellar space. In more 
recent years, however, the influence of differences in the absolute 
magnitudes of the stars on the appearance of their spectra has been 
recognized, especially by Adams and Kohlschiitter in the develop- 
ment of the spectroscopic method for deriving stellar parallaxes. In 
this method the lines \ 4216 and ) 4078 are two of the most impor- 
tant variable lines. That the energy-fall beyond \ 3889 is inti- 
mately connected with the spectroscopically determined absolute 
magnitude was found by the writer by using very short objective- 
grating spectra.’ The color-effect of the absolute magnitude was 
found to be much more strongly developed at the inner limit 
of the spectra in the “minimum wave-length” than in the “effective 
wave-length”? measured by bisecting the images. It was then 
suspected that the effect could be due to an increase of absorption 
with stellar luminosity in the heavily winged lines of iron in the 
region \ 3870-A 3890. 

It has been found recently, however, that the effect is without 
doubt due to a variation in strength with stellar luminosity in the 
strong ‘‘cyanogen” band with its first head at \ 3883. On spectra 
of stars of different types and luminosities photographed with a 
slitless quartz spectrograph? on the Crossley reflector of the Lick 
Observatory three similarly behaving absorption regions were 
found to coincide with the three ‘‘cyanogen”’ bands with first heads 
at AN 4216, 3883, and 3590. The band at d 3883 is by far the 
strongest; the point most sensitive to changes in luminosity seems 
to be the region around and between the two heads at d 3871 and 
d 3883. Of the two other bands, that at \ 3590 seems to be some- 
what stronger. The band at \ 4606 seems to be too faint to be 
identified with certainty. 

The spectra of the following stars were photographed; the 
spectral types and absolute magnitudes are from the new list of 
spectroscopic parallaxes’ by Adams and his collaborators. 


* Astrophysical Journal, 49, 289, 1919; Upsala Universitets Arsskrift, 1920. 

? This instrument is described by W. H. Wright in the Lick Observatory Bulletin, 
9, 52, i917. 

3 Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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The development of the bands is at a maximum for giant stars 
of types between Gs and Ks, and diminishes strongly toward the 
F and M types. In the dwarf stars of all types the bands are only 
faintly developed. 

The absorption in the band at d 3883 has been investigated 
here for stars of known spectroscopic parallax by means of the 6° 
objective prism on the 1o-inch refractor. The method employed is 
analogous to that used for the A stars described in the first part of 
this paper. This investigation was carried out before the identifica- 
tion with the ‘‘cyanogen” band had been made. The two regions 
of the spectrum immediately adjacent to \ 3889 were compared in 
series of images taken with decreasing exposure-time to determine 
the exposure-ratio for equal photographic density in the two regions. 
The maximum effect seems to be in spectral types G8-Ko, where 
the difference in exposure-ratio between average giants and dwarfs 
corresponds to nearly a magnitude. The effect decreases rapidly 
from Gs to Go. The Cepheids and pseudo-Cepheids have a some- 
what peculiar position with even less contrast at \3889 than dwarfs 
of the same spectral type. ‘The smoothness of the spectrum around 
the H¢ line for these stars is probably due to the disappearance of 
the wings of the strong absorption lines following the advance of 
the spectrum toward Miss Maury’s c-stage. 

There is a very decided disadvantage, however, in the fact that 
the region in question is situated so far in the violet that for the 
redder stars the exposures must be made considerably longer. 
The band at 4216, though weaker, is much more favorable 
in this particular, and an investigation of it was therefore begun 
with the same instrumental arrangement. The region most 
strongly affected by this band lies between Ad 4144 and 4184. 
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This region of 40 A width, corresponding to about 0.09 mm on the 
plate, has been compared with that at  4227-A 4272 as standard. 
The regions in question are easily identified with sufficient accuracy 
by estimating the distances from the G-band and the line A 4227, 
which are conspicuous features of the spectra even with very low 
dispersion. For the dwarfs of types Ks5—M the intensity in the 
second region mentioned is probably somewhat modified by the 
wings of \ 4227 which produce an additional effect of luminosity 
on the exposure-ratio in the same direction as the effect of the “cyan- 
ogen” absorption in the first region. No special efforts were made 
to determine Schwarzschild’s constant for the plates. The results 
obtained from the investigation of the A stars indicate that generally 
the changes in the constant are small and do not increase materially 
the probable error of the measured exposure-ratio, but that rather 
large changes may occur, especially from one emulsion to another. 
In this case several stars were measured on each plate, and system- 
atic errors of large size ought to show in the residuals from the 
curves. The means of the residuals for the individual plates are 
found to be small, however. 

As before, the plates used were Seed 23, size 8X10 inches, with 
X-ray developer. Images more than 3.6 inches from the center 
were excluded. The focus was set near \ 4200, and is tolerably 
constant over most of this area. Even within the adopted limit 
of distance, however, some images must be excluded by reason of 
distortion or bad focus, because the field has not exact symmetry 
of rotation with reference to the plate center. 

A scheme for classifying the objective-prism spectra was devel- 
oped by using types determined by Adams and his collaborators 
as standards. The classification is based on the appearance and 
relative strength of the hydrogen lines, the K line of calcium, the 
\ 4227 line of calcium, the titanium-oxide bands, and the general 
energy-distribution in the spectrum. Since the decrease of the 
hydrogen lines and the increase of \ 4227 with advancing spectral 
type proceed more rapidly in the dwarf series, while the increase of 
redness takes place faster in the giant series, and since 4227 has 
enormous strength in dwarfs of types Ks—M, these characteristics 
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TABLE VII 
Boss or Cin. No. Vv Mie. Spectrum M log E 7 Chop 
COUT ees ees 6.5 G8 0.4 0.25 6 G8g 
B20O.. oe a 4.8 K3 0.6 0.27 8 Kog 
S320m. 24 /.% 5.9 Ko 4.2 0.16 4 Ka 
BOdA crews 6.5 G8 0.9 0.26 a) G8g 
Cie liy een 4.9 Ma —0.3 °0.18 8 Mag 
Coa hy Ae 7.7 K2 6.4 0.14 4 Kod 
BAS nea One K4 0.5 0.25 4 K5g 
Sok yp rae Seb K3 0.4 0.25 4 ae 
SS y eee 6.3 Fo 4.3 Onr2 6 = 
AEST erie ses Ka oe 0.27 5 2g 
Des vant 5.6 G2 ALT. 0.12 7 G5d 
ere sda 2n5 G6 0.0 0.19 5 Gsg 
AY Steer 6-7 G8 AST 0.13 7 ae 
AQORL «0 cre 5.4 Ks 0.8 0.24 a) 5g 
BASES sess. kc 3.4 K2 0.6 0.26 5 Kog 
Mag 
ABIES Te eye's 5.9 Ma 0.2 0.22 4 
DEUS Rercus Oe 5.0 Ks 0.2 ©. 29 5 ae 
(IEE Rear acer 4.4 G2 —I.4 0.27 4 ro 
ABAD Woe ce pe eS SF 0.05 6 5 
3 I 3 Kod 
BS [Oe sisi ae Ke 6.3 O.12 7 ° 
Ksd 
ota ae O27, K4 Ch} 0.08 5 
ye Rane eets 623 Ki Tie 0.24 3 Ke 
BA2O 6 revere 4.3 Ag T.0 0.12 4 us 
AO23'23 soa ES K5 8.0 —0.02 4 ae 
Tallsro05 5... ae K2 Fok 0.25 4 5g 
K 8 
MSG Rapatee Ge ae a oe 0.10 6 G8&d 
ASSO... 5. Aa Go —o.I 0.27 : nee 
AES OWS eas as Seif F4 255 On 12 : ee 
7109 Police 6.1 G2 —0.3 0.20 ae 
4035708 - 4.9 G5 —0.5 0.20 9 og 
G8 
BOSS nw ee 3.4 G8 2.5 Ons 5 
A. G. Leip. 8449...... 7.6 K2 0.8 On38 5 ee 
AGUOS ie/. Sei Go —o.8 0.22 9 ae 
RT A2O so0 ie « os G5 als O.1L 5 oe 
CO Gitseomer 8.5 Go ee 0.10 5 
A Gilselpa S507. w1<..- - 8.9 ee ae one : 7 ee 
BOTOr 6 sic.» 5.4 (e) ; ; 
A. G. Leip. 8585.....- 7.6 Ma a5 0.16 3 Hee 
AOSo ones 6.5 G8 2.8 0.22 3 ee 
ATS iovate, aise 5.4 Fo 1.6 O.1I 6 - 
ee ee EEE EEE eee 
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TABLE VII—Continued 
ee IOOOOSSSS0IaaSaSgwwwSa>a\«wuw«\,\—w_=qo['|_[ 


Harv. Spectrum 


Boss or Cin. No. Vis. Mag. | Spectrum M log E n Obj. Prism 
(CRETE eee 8.8 Mb 10.7 | —0.09 3 Mbd 
ee Te ntact 4.5 Mb —1.2 0.15 8 Mbg 
AST antec Isheh F8 0.3 0.13 5 Lee 
ASO oat 4.2 Kr I.0 0.28 TT Kog 
CR240 5 ra ket- 6.0 G4 Bai 0.10 be) G5d 
SO 2nm meas 6.8 G4 5-5 Ont 3 Gad 
Hee Seca 6.6 G6 iste 0.12 2 Gad 
ASO See Sy G8 —1I.4 0. 28 12 G8g 
AQIOsseee one G8 Stl 0.24 2 G5g 
AQU2 seine 4.5 Ko 0.2 0.29 8 K2g 
AQ2Ona eas 6.0 F4 2.8 0.12 3 F8 
AQAO nt 4.6 K4 0.5 0.26 4 K3g 
MOC tice 6 Bo? G8 oe 0.13 5 Gsd 
BOOOmmeGr: 4.8 Go 5.8 0.09 6 G8d 
O27 ma sues 4.4 G8 0.0 0.22 6 G8g 
SOS 2o.eeee 3.8 Ma 0.2 O.I1 5 Mag 
OVO eis 4.0 G2 On7, 0.13 6 Gsg 
SOSO eee: 4.9 Go 0.8 0.18 5 G8g 
eleeodoue 3.9 G8 3-9 0.13 5 G8 
OOS nana 5.8 Gip —2.5 ©.20 4 G5pg 
STIS scene ey K6 0.5 0.25 6 Ksg 
BG2 Se arse 5-6 Mc 0.5 0.14 5 Mbg 
SUZ ere 4.6 Mb 0.3 0.13 8 Mbg 
(GAGs oseoc Hoel G8 5.6 0.13 2 G8d 
STAC aon. 5.6 G8 0.0 0.27 2 Kog 
SISO; sees Say/ K2 5-9 0.13 6 Kad 
STO Tees 4.0 Gop —2.0 0.23 4 Gpg 
BAO) os cic oe 6.1 G2 a2 0.06 3 Gsd 
OPT rd ceve 253 Gop —3.0 0.24 5 Gpg 
CAG acodee 6.3 G8 6.2 0.12 4 G8d 
CEPR Sora h 6.0 Fs 3.6 0.13 2 F5 
534A Onateieee 3.6 G8 axa 0.18 5 G8g 
CP2707 erence 8.6 Ma Q.4 —o.O1 3 Md 
OMe Adachi 6.6 F7 Boe, 0.10 9 Fs 
A205 ce 6.2 G8 Tal 0.26 7 Kog 
SATO oe 3.9 K2p —2.9 0. 24 4 Kpg 
SASS en cniee 5.6 7 8.3 0.09 9 Ksd 
S424 ieee: 6.3 K8 8.7 0.05 iil Mad 


alone will suffice in a great number of cases to determine the spectral 
type and to decide whether the star is a giant or a dwarf. From 
type Go on, however, the degree of the “cyanogen”’ absorption 
must be taken into account, and the approximate luminosity will 
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be obtained with the aid of log E. ‘The spectra used are 
narrow and, in what concerns the visibility of the lines, are 
inferior to widened images; but this has been at least partly 
compensated by the large number of images with different inten- 
sities usually available. For spectral types Go-Ko both the hydro- 
gen lines and \ 4227 are only faintly visible, but a fairly good 
discrimination between the stages Go, Gs, and G8-Ko seems to be 
possible. Four Cepheids and pseudo-Cepheids among the stars 
observed were recognized as peculiar stars mainly by the abnormal 
strength of the hydrogen lines. 

The results of the measurements and classifications are given in 
Table VII. The first four columns contain data from the list of 
spectroscopic parallaxes. The fifth column gives log E, the loga- 
rithmic exposure-ratio for equal intensities in the two regions 
4144-A 4184 and \ 4227-4272, the former being situated in the 
densest part of the ‘‘cyanogen” band; 7 is the number of images 
used for determining log H. The last column gives the spectral 
type as determined from the objective-prism spectra, in most cases 
without knowledge of the more accurate values of the type in the 
third column. An added g or d indicates a giant or a dwarf, 
respectively. This estimation of luminosity is made mainly from 
the value of log E according to the curves in Figures 3 and 4, the 
value of the spectral type estimated from the objective-prism 
spectra being used as argument. The individual results given in 
the last column are therefore directly dependent only on the data 
secured from the low dispersion spectra. The good agreement 
between these results and the spectral type and absolute magnitude 
in the third and fourth columns seems to give promise of the 
usefulness of the method. 

Figure 3 gives the relation between log E and the absolute 
magnitude for stars of types Ag to K2, Figure 4 for types 
K2-Mc. The curves drawn representing the different types have 
only provisional significance. Figure 5 gives log E as a function 
of the spectral type, different degrees of luminosity being repre- 
sented by different notations. It is evident from these diagrams 
that the effect of the “‘cyanogen”’ band reaches a maximum near 
Type K2 and decreases toward Go and M. The analogy between 
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Cepheids and 
PRseudo-CEpheras 


®g9p 


Fic. 3.—Logarithmic exposure-ratio for thi i 
: - e regions AA 4144-418. - 
and absolute magnitude. Spectral types Ag-K2. anes 
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Figure 5 and the diagram for the minimum wave-length of the 
grating-spectra* is very striking. The advantage of the present 
diagram, however, lies in tle circumstance that the effect of the 


Fic. 4.—Logarithmic exposure-ratio for the regions Ad 4144-4184, 4227-4272, 
and absolute magnitude. Spectral types K2-Mc. 


regular change in the energy-distribution in the spectrum due to 
the change of temperature in the spectral series has practically no 
effect on log EL, owing to the closeness of the two compared regions. 
Except for the position of the Cepheids and pseudo-Cepheids the 


t Loc. cit. 
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correspondence is nearly perfect between Figure 5 and a similarly 
arranged diagram for the absorption in the \ 3883 band. The 
variation in log E for the stronger ultra-violet band is, however, 
about 2.3 times as large as for the ) 4216 band. The increase of 
the effect from G8 to Kz probably explains the correlation of the 
absorption in the bands with the line \ 4227 found by Miss Maury 
in type XV. 

The rapid decrease of the effect toward Go, especially for stars 
with M between o and+1, is a disadvantage for a more accurate 
determination of luminosity. On the other hand, stars of this 
brightness, between types Fo and G2, seem to be very scarce. 
Most of the giants in this interval of spectral type given in the list 
of 1646 spectroscopic parallaxes, for example, are Cepheids or 
pseudo-Cepheids and of much higher luminosity. 

The Cepheid variables and the pseudo-Cepheids seem to have 
an abnormally small absorption in the regions of the “cyanogen” 
bands; it is somewhat stronger, however, in the region of the 
d 4216 band than in that of the \ 3883 band. In the case of the 
former band the stars still fall among the ordinary giants in the 
diagram in Figure 5, but in the case of the ultra-violet band, as 
mentioned before, they lie even below the dwarfs. 

From K2 to M there is a general decrease of log E; the difference 
between giants and dwarfs is still well accentuated. The extent to 
which this difference is still due to ‘‘cyanogen” absorption in type 
Mseems tobe uncertain. For this type the line \ 4227, strong in the 
dwarfs, and the hydrogen lines, which are strong in the giants," 
give a reliable criterion of the order of magnitude of the luminosity. 
The titanium-oxide bands characterizing type M are generally 
well developed in the objective-prism spectra. An observation of 
importance to be made from Figure 5 is that stars with log E>o.17 
are giants. 

An application of the preceding principles to stars of faint 
apparent magnitudes in a few rich regions has been made with a 
small focal-plane spectrograph attached to the 60-inch reflector. 
The spectrograph has a 64° U.V. prism; the focal lengths of colli- 
mator and camera are about 6 inches. The dispersion gives 1.51 


* See various papers by Adams and his associates on the spectroscopic method. 
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mm between Hy and H6, and is 2.8 times that of the objective- 
prism spectra. The slit was removed, thus giving a field about 
9’X9’, of which about two-thirds is in good enough focus to be 
used. The objects investigated were the clusters M 11 and 13, 
and a few fields in Selected Areas Nos. 63 and 64 in the Cygnus 
region. A list of the photographs is given in Table VIII. Seed 
30 plates were used, except for No. 33, which is Seed 23. All the 
plates were taken during good seeing, estimated about 5 and 6 ona 


0 7<00 cepherd 
0 Q02=M<20 
9 204M<40 


@40<M<70 


Fic. 5.—Logarithmic exposure-ratio for the regions )\ 4144-4184, 4227-4272, 
and spectral type. 


scale of 10 in most cases. The last column gives for the Selected 
Area plates the number of the star in the Harvard Durchmusterung* 
which is nearest to the center of the field. 

Messier 11, R. A. 1846", Decl.— 6°23’ (1900).—This well-known 
open cluster, situated in the bright galactic clouds in Scutum 
Sobieski, is very rich in stars, several hundred being brighter 
than the fourteenth magnitude. Magnitudes and colors for a 
largenumber of stars in the cluster have been determined by 
Shapley.” 

: “Durchmusterung of Selected Areas,” Harvard Annals, rot, 1918. 


2 Mt. Wilson Contr., No. 126; Astrophysical Journal, 45, 164, 1917. 
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Table IX gives the results of the classification of spectra for 
eighty-five stars in the cluster. A great many stars which are 
sufficiently bright have their images superposed, thus making 
estimates of their spectral types impossible. For early types the 
classification is based on the strength of the K line relative to the 
hydrogen lines; for the late types the spectra have been compared 
with spectrograms of stars with known spectroscopic parallaxes, 
photographed with the same instrumental arrangement on the same 


TABLE VIII 


List OF PLATES 


Plate No. Object Date Exposure-time | Harvard No. 
BB Meta eseioe Sel. Area 63 1921 May to 7430 527 
BE onesie Sel. Area 63 May 11 255 527 
AG Eade moist Messier 11 Aug. 2 BG: 4 |!) teens 
A escent ets Messier 11 Aug. 2 2-0) essen 
ASra tie somteatalets Messier 11 Aug. 2 { 2 * eR cae 
AQ is crn wiaorretars Sel, Area 64 Aug. 2 ve) 666 
GO onreemc ators Messier 13 Aug. 3 T3007 2) |\ob ae eestor 
Bisco sous Sel. Area 64 Aug. 3 Ae 509 
OSs aehieetetoe Sel. Area 64 Sept. 4 Ge 1029 
OT Bec rare GENRE cole Sel. Area 64 Sept. 5 4 37 454 


kind of plates. The numbers are those of Stratonoff;! the photo- 
graphic magnitudes are according to Shapley. The letter d after 
the spectral type means for an A-type star that the spectrum shows 
a marked energy-fall at \ 3907, thus indicating a relatively low 
luminosity (47 >1.5); for later types a g indicates giant character- 
istics, in this case strong ‘‘cyanogen” absorption in the region 
A 4144-A 4184. 

The giants of types Ko-K2 in Table IX have nearly the same 
apparent magnitude. The estimate M=o for their absolute 
magnitude seems to be fair, judging from the very marked ‘‘cyan- 
ogen”’ absorption in their spectra. The mean photographic magni- 
tude of the four stars Nos. 252, 423, 666, 674, is 13.32. With a 
mean color-index somewhat exceeding unity, we find the modulus 
M-—m to be nearly equal to —12. 


* Publications de l’Observatoire de Tachkent, No. 1, 1899. 
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The two brightest A stars in Table IX, Nos. 545 and 437, show 
sharp lines suggesting very high luminosity. With the value 


M—m=-—t12 their absolute magnitudes would be —2.8 and—o.s, 
TABLE IX 
MESSIER 11 
lve 
No. Pg. Mag. = stan No. | Pg. Mag. cee No. Pao Mae Bese 
Tae tn eee Ao die coll Bees |p Ne 7 ra iets tO nl eNO 
10 ak S| ea A2 366...} 13.02 | Ao 579..--| (Triple) | Aod 
BoAmes 13.38. |~ Ao Wiocclt abncy slp IX) Relitocoal| statin |} Ako 
BAG ale r3.48 | “Ao Virfecell amine | YeKos 583....]| 13.84 | Aad 
g20..5.) 13.07} Ao 38r...>| 12.44 | Ao 590....| 13.04 | (G8g)? 
22Aeeas| 13.50 1 Aod AOGeae || LZ - 1S: |eAO 592....| 14.22 | Aod 
22 | 22.00 | Ao A077) E034 AO Ov/o.oaa|| 22's) |} Jive 
Bee | e222, | AC AQ sot l 34 Os |) Keo, HN ronall wer | (ekehe 
2262 cenit s.07 | AO seal Teeiwloyet| vale 500....|| £2.40 | Ao 
SS7aoog itey4-| Ao A20c.|| 23 22ae PAO 8 || OOL me | mete ROO nme bar 
BARE s\(9-12.15 | Ao Peeps a|| Bator key |) JaXe) 616....] 13.89 | Aad 
Pee £3208 | Ke AB0n ee |e t32 04 AO Ciyeecall meow || ANS 
O73 20] Ao AGO 5| el 2207) AO Ceo ccsl| HGH || Ale 
Wes) 13-00 | Ao 462-..| 12.79 | Ao Eitecas|) aeaAUy || ZXe) 
Sree tA.32 | A2dr? || 4645..|' 13.94 | Ao CPOoscall ace || aXe 
SOmemn |. £3.01 |. GSg Sa oj| Jere || WIS MN OARG ool] Hoe] AYO 
Boge 63.06 | Ao ASO AEE 22 O50) eNO Visca) UA6er || Xe 
280.286) 12:75 | Az Eve ol) “aR2nStO) || ae Qe cas|) WA yr || Ee 
20 LZ .44 || Ao AOO malt set 28 eAO QKReocall sheacye || Ales 
ZOvmmee | t4.20 | Azd AGEs sul| BER || GNO 666....| 13.45 | Kog 
REOMMEM 13.04 |=tod? ||| 404...) 12.32 | Ao OYAsccel| 8oGer| aXe 
Booman t3.40:| Ao ae tees ene G8g OP ocscl) wecekd || Ise 
Bese i 13.0447 Az BLOM ks GOnmCAO WOM wetsye|lapseaererte Aod ? 
Baterrieere.24.| Ao Seisscat| eivotler || ake) ite trey Ibiees Gabeea ee Ao 
Boas £2508 | Ao (OAC) esl)  ibesertah || datoyehie’ MN UKKI0 o aalle cu 00-0 0% K2g 
Barer) 12,42 | Ao SAG ais Conte VAG 1 |e Jona gaat anse'| ic arene sate | eerste 
Bases £2.00 | Ao BAG rele Lee 25 NAOT) I jetae a c-s'll voc eran | meenecerets 
B50"... £2.00 | Ao Geeemall wleeter || vere Niaoacucudlno boon odooce once 
Boose nets .05-). AO ore || nicer lee Tl heekamor lbs comobaliboco.o0 tc 
ROAeeEe eet2 73 | G8z AXeoal) aeeAo |) water - IIlneseaon eee ce oe tee 


respectively. The remaining A stars have fairly broad hydrogen 
lines. Between photographic magnitude 11.8 and 13.5 the energy- 
distribution around \ 3907 was found to be smooth, except for star 
No. 663; with the value of /—m found above, those limits will 
correspond to M=—o.2 and M=+1.5. The faintest A stars in 
the tables show indications of a more abrupt fall of intensity at 
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» 3907. For Nos. 224, 307, 592, 616, where this is most noticeable, 
we find for M the values of 1.6, 2.3, 2.2, 2.1, respectively, which 
are in good agreement with the results for the A stars in the first 
part of this paper. The As star, No. 663, photographic magnitude 
11.90, is probably a relatively near star, superposed on the cluster. 
The spectra of the four faint A stars just mentioned are rather weak, 
and no definite conclusions can be drawn from these stars alone, 
but the indications are that the value MM —m=-—12 deserves a fair 
degree of confidence. Adopting this value we find for the parallax 
of the cluster t=0”’00040, corresponding to a distance of 2500 
parsec or 8000 light-years. Shapley,’ obtaining a value by an 
entirely different method, finds =o0"%00014. In view of the 
uncertainties affecting the two determinations the difference cannot 
be considered as by any means excessive. 

Globular clusters.—On Plate No. 50 three of the brightest stars 
in the globular cluster Messier 13 are sufficiently well separated 
from other stars to permit an examination of their spectra. They 
are the Scheiner Nos. 47, 63,127. Shapley? gives the photographic 
magnitudes 13.45, 13.70, 13.58, and the color-indices 1.41, 1.16, 
1.42. With the parallax=o"oo0ogo3 the absolute magnitudes are 
— 3.19, —2.69, —3.07, respectively. These stars seem to be of a 
spectral type not far from Ko, but show a much smaller absorption 
in the region of the “‘cyanogen”’ band than the late-type stars in 
Messier 11. This agrees with the degree of luminosity found by 
Shapley, if the stars are pseudo-Cepheids; if they are ordinary 
giants we should estimate the absolute magnitude around+1. 
Low dispersion slit spectrograms of some stars in Messier 13 on a 
plate taken by Mr. Pease, and of stars in Messier 3 on a plate taken 
by Mr. Sanford, exposure-times 30" and 20%, respectively, seem 
rather to confirm the high degree of luminosity. The stars of 
earlier type on the first mentioned plate seem to have no appreciable 
change of intensity at \ 3907, and for the late-type stars on the 
latter plate, especially for the star von Zeipel No. 752, photographic 
magnitude 13.96, color-index 1.42, absolute magnitude according to 

* Proceedings of the National Academy of Sciences, 5, 344, 1919. 

2 Mt. Wilson Contr., No. 116. 

3 Shapley, Mt. Wilson Contr., No. 152; Astrophysical J ournal, 48, 154, 1918. 
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Shapley — 3.18, the depression between \ 4100 and ) 4227 seems to 
be centered around H6 and ) 4172 rather than in the “cyanogen” 
band, observations in favor of a classification in the pseudo- 
Cepheid type. 
Selected Areas 
No. 63, R.A. 194o™, Decl.+30°0’, (1900) 
No. 64, R.A. 19458™, Decl. 30°’. 


TABLE X 


SELECTED AREAS 63 AND 64 


Harv. Pg. Mag. Spectral Harv. Pg. Mag. Spectral Harv. Pg. Mag. Spectral 


No. Type No. Type No. Type 
Area 63 SOdn eet A 5 Ao i eoo\| Wasse |) eke 
Riel pra. 20: p= a9) OA. er. 14.0 A2 Halo ool) Evbezke) || iar 
Rice 2).OF Cr WG call! sides Ao 72 Onell ee An 2 On | mmkeo 
Rc te 9.61 | Ao Behalf amet Bo Hoo d| sack || ANG 
rosea £O.50°| As Ses osu’ BEAK) Ao Gite ol eeeio(eley |) 18k} 
Racers r2s43 God 

Sow sol) eAO A2 Hissoog\| Boge || IN 
BAO LL.cO| sA5d. Onteeme) mel oao, F8 AMfosd|| wAse || Cige 
SAGs |) 13543 Kg 016...) 14-6 Ao TOOS see |eeL oes Ao 
C6 ool} Iehge Ao TOO7jera | LORO Ado 
Area 6 SABe% sol] S057 Ao MONG Feo al] Leite Kog 
A230...) 14.6 A 
Agee E32 Kae 70402 mee] ins G8g TO20s eer Seo K2g 
Dome 136 Fsg Winer alf aeAgrt Ao HOME. 5 |] RAG) Be 
A HR ee G8d_ ||667....; 14.18 | Ksg 1026...] 10.9 Fo 
443.. 14.0 F8d Nose ce ot) Behe F8d TO27-ee lo nS God 
Eis cau|| ERP) Ieys TODS | aes Ao 
445.. 14.0 Ksg 
AAS eae! 13.0 Ca WSriescall Engen || aXe TOA ers |e Aad 
A Oeane) 135 Gs5d_ ||680....] 13.86] Kog 
AO 4.1 Ao Os cao) SO || GRE 
486... E257) Gsd—\702....| 13.00 |) Keg 
HOoacall mops |, se 


The results of classification for fifty-two stars in Selected 
Areas 63 and 64 are givenin Table X. The numbers are according 
to the Harvard Durchmusterung. The photographic magnitudes for 
the central fields are according to unpublished Mount Wilson 
measures; for stars more distant from the center of the area the 
Harvard magnitudes have been reduced to the Mount Wilson 
system, and are given to only one decimal. 

These two areas are situated in very rich galactic regions. 
There are eleven late-type stars classified as dwarfs in Table X, 
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which as a group may be considered to be the nearest stars in the 
region. Of the remaining more distant stars twenty-eight are 
fainter than the thirteenth magnitude, twelve of which are found to 
be giants of types Ko-Ks5, a remarkably high percentage. These 
late-type giants range in photographic magnitudes from 13.1 to 
14.4, with a mean of 13.8. With a mean color-index of 1.2 and an 
absolute visual magnitude of 0.5 they should be at the same distance 
as M11, about 4ooo parsecs. If Miz is associated with the 
galactic clouds in Scutum, the inference would be that these giant 
stars together with some of the A stars are members of the distant 
galactic cloud in Cygnus. 

I wish to express my deep feeling of obligation to Director Hale 
for the opportunity to undertake this investigation during a stay 
of more than a year at the Observatory, and also to several members 
of the staff, especially Mr. Adams and Mr. Seares, for much valuable 
information and advice. I also wish to express my gratitude to 
Director Campbell for a month’s stay at the Lick Observatory, 
and to Mr. Wright for his kind help and instruction in the work 
with the Crossley reflector. 


Mount WItson OBSERVATORY 
October 1921 
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ON THE UPPER LIMIT OF DISTANCE TO WHICH THE 
ARRANGEMENT OF STARS IN SPACE CAN AT 
PRESENT BE DETERMINED WITH SOME 
CONFIDENCE 


By J. C. KAPTEYN? ann P. J. VAN RHIJN 


ABSTRACT 


Distribution of stars in space.—Assuming no extinction of light in space and also 
symmetry around the galactic axis, the star density for any distance from the sun 
could be found for each galactic latitude if we knew both the luminosity-curve, ¢(M), 
and the apparent magnitude curve, Nm, for each latitude. The necessary formulae 
are given and also tables of values of the density as a function of distance and latitude, 
based on assumed equations for these curves, both of the normal error type. Now 
¢(M) is known (see Table Ia) for a range of 20 magnitudes which includes the maximum 
at 2693; therefore extrapolation to larger magnitudes can introduce no important 
error. It is quite different in the case of Nm which has a maximum several magnitudes 
beyond the range for which the values are even approximately known. For instance, 
star counts have been made in the cloud between 6 and y Cygni as far as visual magni- 
tude 17.5, yet assuming an error-curve for Nm, the data do not give the constants 
accurately enough to determine whether the maximum, mp, is at 25™7 or 29%, the 
corresponding values for the total number of stars varying in ‘the ratio of 1 to 6.5. 
If, however, Vm were known to 20™5, the probable error would be only one-third as 
great and might be reduced to perhaps one-ninth by using more extensive data. 
The value of the maximum ™, has been found to decrease from about 27 for galactic 
latitude o° to 18 for 80°, and therefore the equation for Nm can be more accurately 
determined by star counts at higher galactic latitudes. The limits of distance to 
which the density can be determined within 25 per cent when the values of Nm are known 
to visual magnitudes 14, 17, and 20, respectively, are found for various latitudes 
(Tables XII, XIIt). We may expect complete values to m=17 in the near future 
and then fairly reliable densities can be determined, in the directions of latitudes 
o° and 90°, to distances of 4000 and 1600 parsecs, respectively, that is, for the whole 
of the domain within which the density exceeds 1 per cent of that near the sun. 

Star counts in cloud between B and y Cygni, Selected Area 64, to 17™5.—Unpublished 
results of the Mount Wilson photometric survey and those in the Harvard Durch- 
musterung are tabulated and analyzed. 

Comparison of Harvard and Mount Wilson photographic magnitude scales ——From 
the foregoing data, Mount Wilson minus Harvard is about 0726. 


The conclusions of the present paper must be considered 
only provisional, mainly for the two following reasons: (a) The 
extinction of light in space has been assumed to be inappreciable; 
(b) No use has been made of a recent substantial improvement in 
the average parallaxes of the more distant stars. 

A more definitive solution now being made at the Laboratory 
of Groningen will duly take into account these two points. The 
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progress of such a solution being necessarily very slow, the present 
provisional treatment was undertaken mainly for the purpose of 
finding the most promising lines for conducting the further treat- 
ment of the sidereal problem. 

The points which will be successively discussed are as follows: 

I. If for any determined part of the sky we know completely 
(a) the luminosity-curve y=¢(M) and (b) NV,,=the total number 
of stars of magnitude m—1/2 to m+1/2 per ten thousand square 
degrees, then we can find the star-density A(p) at any distance p. 
The solution is contained in Mount Wilson Contribution, No. 188, 
formula (13). The difficulty of the problem lies exclusively in 
the required completeness. 

II. Half of the difficulty may be safely ignored, for it can be 
shown that at present and for a long, long while to come we may 
certainly adopt the form 


¢(M) = e—H2(M— Mo)? — pb t+-qM+rMs (x) 


as representing the luminosity-curve completely, that is, for all 
values of M from —o to +o. 

We will here adopt the values of the constants #, q, 7, given in 
Contribution No. 188, modified in accordance with the changes in 
definitions to be explained presently. 

III. There thus remains only the difficulty due to our incom- 
plete knowledge of V,,. We will show what limitation is thereby 
introduced in the solution mentioned in I, and we will further 
try to show how the limits can be extended by future countings 
of the fainter magnitudes. 

In this inquiry, proceeding from the simple to the more difficult, 
we will consider three cases: 

a) We will assume that the formula 


Ny =—e—Helm— me)? = 2eetbm+cm* (2) 


Vr 


holds not only for the magnitudes for which we have the necessary 
data but also for all fainter magnitudes. 
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6) We will drop the latter supposition, that is, in accordance 
with the results found thus far, we will adopt the error-curve 
(2) for the actually observed NV,, but will assume nothing about 
the fainter magnitudes which have as yet not been investigated. 


TABLE Ia 


Luminosity-CurveE 
(Equation [s5]) 


M o(M) log o(M) 
iat Opener a stele tee iets 0.00229 7.350 
470 
Std Oil's nine gattermers Goes .00075 7.829 70 
400 
Se ee Ca Oe eee o169 8.229 68 
332 
= SB ae renee ye ees .0365 8.561 69 
263 
SEBO lati ave opiirs sisi see tes .0667 8.824 69 
194 
SIaWeD foltintetetolers ers tietac 104 9.018 70 
124 
ated vexs/ Wis fay svo-o aussie) sta 139 9.142 68 
056 
EMS ce iace caehacmraa eee ers 158 9.198 69 
o13 
SPM tye che tere a yaierehs oe 153 9.185 69 
082 
Fo MeE RS rice stoare eiciatel Sievers Br27, Q.103 70 
152 
Oisierercia tia cra aievin se .0893 8.951 68 
220 
So SIG OO .0538 SEigt 70 
290 
Ss PSS Sm oatee ein .0276 8.441 67 
357 
Son as srersione cere ns .O12T 8.084 70 
427 
= (RoR osneIn OOo .00456 7.657 70 
, 497 fe 
mca aie fy crateccie' ater ¢ .OO145 7.160 
: 565 
SS Oeapvesten SOG Lan moe .000394 6.595 69 
634 
= YE SERB OCR Ua ln aoe . 0000914 5.961 69 
793 
COO GASD OUTIO MOC oS .OO0O018I 5-258 70 
. 773 . 
tlie arefor estore sieteter ere . 00000305 4.485 9 
? 842 
TOM aie ie eles Gorse ei ©.00000044 3.643 
M=m-s5 log x 
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c) We will consider the most general case, namely, that the 
actually observed values of V,, themselves are not distributed in 
an error-curve. 

IV. Having thus found the limits within which a fairly reliable 
determination of the arrangement of stars in space can be made, 
we will introduce what we think must be considered a plausible 
supposition, by which these limits, at least for the lower galactic 
latitudes, can be somewhat farther extended. 


TABLE Id 
log A (p) (ForMULAE oF TABLE IV) 


Galactic Latitude 


log p 

fo 30° 60° 90° 40°-90" 
TeAOPAS AN is Avot 8.65—10 8.65—I0 8.65—I0 8.65—I0 8.65—10 
PISO a icdatlorrans tyes .65 .65 65 .65 .65 
TAMER aan lens 65 .65 -65 -65 -64 
TeOisys scenes 65 65 65 -65 61 
Ten ere sdetelerats -65 .65 .65 .65 57 
ZO Mersuelrele 65 -54 .50 52 -49 
252 65 -46 -42 -45 .40 
DS Aral axeecesyeues .65 "33 125 .26 =25 
BOs aa ereere -55 .16 .00 TOS .03 
Bi Siawisccstyos Ae 7.93 .67 Sit Tg3 
ee brqueies ace ar .64 a25 6.95 32 
CREO Lael eyie i 7.97 .31 6.75 127 6.85 
Bnd uetrlaeeietars -69 6.92 aes 5.40 age 
3.6 +35 .48 5.48 4.53 5-70 
Bra Sie er aiarern eens 6.97 5.98 Ang? 3.48 .O1 
OWN ee Mea 54 44 3.88 Deyo) 4.24 
Wes hic .O7 4.84 2.95 I.00 3.40 
They, 5.54 .19 T5303 lone oie eras 2.48 
A SOlite 4.97 3.49 oMcy ame B Sip Gao one I.49 
As Oinatenotesststage 2.35 EV kaa PED Berm Sone led cn ab aba 0.42 
BO cissekoeteiwver 3.68 FQ 2 iN isiere, alae ane ensto\ ei) ekeloreteiersaetoversie|(s crs tetetonereenene 


Before entering on a discussion of these points it will be neces- 
sary to premise the following remarks: __ 

a) Cluster observations by Shapley have fairly well proved the 
absence of any selective extinction of light in space, at least for 
distances like those considered in the present discussion. It does 
not follow that there is no appreciable general extinction of light, 
and the matter will be carefully considered in our definitive solution. 
Still, in view of Shapley’s observations, we feel less hesitation in 
making the assumption of no appreciable extinction the basis of 


this provisional solution. 
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b) Up to the present, the luminosity-curve has expressed 
the number of stars of each magnitude contained in a specified 
volume of space in the neighborhood of the sun. It would certainly 
have been much more natural and convenient had it been given the 
form of a true frequency-curve, that is, one showing the fraction 
of all existing stars belonging to each absolute magnitude. This, of 
course, is not rigorously possible as long as our observations do 
not embrace all the stars, even the very faintest in existence. But 
since the luminosity-curve has been derived (in Contribution 
No. 188) over a range of more than twenty magnitudes and since 
its coincidence with a normal error-curve throughout this entire 
interval, which extends far beyond the maximum, is truly astonish- 
ing, it would seem very desirable to introduce the assumption that 
the best-fitting error-curve represents the luminosity-curve over 
its whole extent. In this way it becomes possible to define the 
luminosity function as a true frequency-curve. 


TABLE III 
Galactic Latitude 
Parameter 
OF 30° 60° 90° 40°-90° 
Bees San wane —8.929 —8.292 —12.320 —17.418 —10.984 
Riise se +5.705 +5.481 + 9.320 +14.092 + 8.120 
be wees —1.366 —1.508 — 2.441 — 3.542 — 2.171 


Henceforth we will assume, therefore, that the luminosity- 
curve, over its whole extent, is perfectly representable by equation 
(1), which differs from formula (11) in Contribution No. 188, only 
in being divided by the factor A =0.0451, the number of stars per 
cubic parsec in the neighborhood of the sun. If later on it should 
appear that this assumption deviates sensibly from the truth, 
the final results will still be unaffected. The ordinates of the curve 
will have only to be multiplied by a certain factor, while the 
densities will be divided by that same factor. 

c) The parsec is again taken as a unit of distance, and in 
accordance with this definition the absolute magnitude of a star will 
equal its apparent magnitude as seen from a distance of one parsec. 
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d) Finally, the star-density A(p) now means the total number 
of stars from the brightest to the faintest in one cubic parsec. 

Under these stipulations we have in (1), in accordance with 
Contribution No. 188, 


H=o. 2818, M,=2.693 (3) 
P=—2.413" G=10:4278 “7 = —0.07044 (4) 
log (M) = —1.049+0.1858 M—0.03450 M? (5) 
M=m-+5 log r=m-—5 log p. (6) 


The numerical values of (5), that is, of the luminosity-curve 
according to the present definitions, have been tabulated in Table Ia. 

For convenience we give in Table III the values of the con- 
stants of Contribution No. 188, p. 13, changed to agree with our 
modified definitions, that is, with (4) instead of with the values 
previously given for 9, q, r. 

The values in Table ITI lead to the formulae in TableIV. These 
have been tabulated in Table Id. 


TABLE IV 
Gal. Lat. Density and Distance 
ache a ee eae log A(p) = —3.878+2.478 log p—o. 593 (log p)? 
Omen eis ate haere = —3,602+2. 381 —0.655 
OMe ree sia oatsir +3 =—5.351+4.048 —1.060 
OS" =: So ea eee =—7.565+6.120 —1.538 
JS So) ig ee Gee =—4.770+3.526 —0.943 


With these details premised we will now discuss the several 
points separately. 
POINT I 
As already mentioned, the solution of the problem involved in 


this case is contained in formula (13) of Contribution No. 188.7 
Modified in accordance with what precedes, this formula becomes: 


Nn=3 46 { pa(oo(m—s log p)dp. (7) 


t Differing from the corresponding value of p in Contribution No. 188, p. 15, by 
the amount ee log (0.0451) =3.099. 
2 For this formula, in a slightly different form, see Astronomical Journal, 24, 27 


(No. 566), 1904. 
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From this equation it is at once clear that given NV, and $(M) for all 
values of m and M, we can find A(p), and this constitutes in reality 
the solution of our problem. The derivation involves the solution 
of the integral equation (7). For the case in which ¢(//) has really 
the form (x) and WN, the form (2), Schwarzschild has given an 
elegant solution, which, quoted already in Contribution No. 188, 
but modified in accordance with our present definitions, is contained 
in the following formulae: 

A(p) = eb th log p+ Hog p)? (8) 


pat -—D 
(9) 


Admitting that (8), which for brevity we will call the Schwarz- 
schild formula, holds for all distances from p=o to p=, it is, of 
course, easy to determine all such quantities as those which follow 
(the area is always assumed to be 10,000 square degrees): 

Nm= total number of stars of appt. mag. m 
(Nim)e =the same within the distance p 
N = total number of stars of all magnitudes together 
N,=the same within the distance p 
M=median=distance within which lie one-half of all the stars 
W= (N meh Nm 
Z=N,/N. 


We find the formulae: 


ao: 96960 m 
uG 


TP2,A20 
Nn lr eGX(-+7) (10) 


(Nn)o=WNim By eae 
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I G(log p—8) 
rel beet (12) 
2BG?= —R—10/fm (13) 
y@=h+ ptqm+trm (14) 
3\2 
be ea _ (+48) 
N= ay eb 36.9078). (15) 


As a check on the computations of h, k, 1, N we have, expressed 
in terms of a, 8, c, 


Vr mo: 

N= a aap Crear (16) 
r+3 
log M= sae (3=6.9078) (17) 
N,=ZN (18) 
tr ((V —Hlog p—log M) 
Z= sal e7"dz. (19) 
Vn Tere) 


Introducing the constants of Table ITI into (12), (13), and (14), 
we obtain 


Gal. lat.=o° Gal. lat.=40° to 90° 
G=1.833 G=2.039 (20) 
B=1.560+0.1182m B=1.550+0.0956m 


with the aid of which equation (12) gives at once an insight into 
the distribution in distance of the stars of each magnitude m. The 
results have been summarized for galactic latitudes o° and for 
40° to go° in Table II. For the medians we find 


Gal. lat. 0° M = 39,000 parsecs 
40° to 90° 2,900 parsecs 


(21) 


Since the Schwarzschild formula does not hold for the smaller 
distances, results for these have been omitted from the table. 

But the supposition that we know ¢(/) and WN, completely, 
that is, for all values of M@ and m, is far from being justified. In 
the present state of science this incompleteness of our knowledge is 
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very serious in the case of V,,, but of little account in the case of 
¢(M). The latter part of this statement constitutes the second 
point. 
POINT II 

The practical sufficiency of our knowledge of the luminosity- - 
curve is due to the fact, already alluded to, that it has now been 
found for so large a range of magnitudes, viz., from the very 
brightest down to about absolute magnitude M=-+o. 

According to (6) a star of apparent magnitude m will be of 
absolute magnitude +9, when its distance is such that 


m—9 
log p=——-. 
; 5 


If, therefore, we write the equation (7) in the form 


Nin = 
3-046), 


log p=+00 
(rag PAO)6(—5 log edn (22) 
log ener es 

the difficulty introduced by incomplete knowledge of the luminosity- 
curve lies exclusively in the first integral, for the second includes 
only stars brighter than M=+9, for which ¢(/) is known. The 
difficulty cannot, therefore, be very serious because the first integral 
involves only stars relatively near the sun. In fact, as will be 
explained below, the values of A(p) within the limits of the first 
integral may be considered as completely known and its divergence 
from (8), though considerable, still unimportant for the present 
question, by a method wholly independent of (7) for all apparent 
magnitudes to m=23 (corresponding to the limit 2.8 for log p). 
It will undoubtedly be a long time before we can expect useful data 
for V,, beyond m= 23. 

This being so, it is easy to show that there is an overwhelming 
probability that the first integral in (22) is entirely negligible, at 
least to the limit m=23. We first determine the value of this 
integral, denoted by Vm, on the supposition that for M> +9, 
¢(M) is still represented by (1). It is evident that V,, represents 
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the number of stars of apparent magnitude m, absolutely fainter 
than M=+o. 


We easily find 
ae Se See 
Rowe he #dz (23) 
—$(b—q)—cm 
pat 2-9) — 6m | 
was a 


The constants f, g, r are given by (4); a, 6, c in Contribution 
No. 188, p. 13. 

Table V, computed by the aid of (23), shows that, if the 
luminosity-curve (1) were correct over its whole length, the stars 
fainter than absolute magnitude +9 would not contribute to the 
total number N,; in the Milky Way more than 1 star in 16,000, 
or to those in galactic latitudes 40° to go° more than 1 star in 300. 
For N.2, Nox, etc., the contribution is much smaller still. — 


TABLE V 
VaLuEs OF V,,/N_ 
m Gal. Lat. 0° Gal, Lat. 40°-90° 
18 aCe ©.00000050 ©.0000113 
LQ teers tasinns Seen .QOO00I 43 . 0000414 
DOIN recon he hereto eines . 00000392 . 000139 
Baie aes renals qua! wae ess . COOOTO4 .00043 
DDE eae ais iste /arenaigierel iss .0000262 .OO12I 
TIEN re ACI IBY ETC .0000634 .0032 
DA ne AiadexciNoievole ieiersi she se .000148 .0076 
TRO BOAO ODO O DOME . 00143 .0635 
Ores Siler s inter aishoveeencaie = 0.0095 .267 


Therefore, even if beyond M=-+o, the error-curve (1) should 
begin to fail very seriously to represent the true frequencies of the 
absolute magnitudes, it will still lead to values of NV, which will 
be practically correct to magnitude 23 and probably to even much 
fainter stars. 

Suppose for instance that the frequencies, which up to M=+9 
are represented with such astonishing closeness by the error-curve 
(x), should, beyond this magnitude, suddenly become tenfold the 
frequencies furnished by (1); even then the representation would 
be quite satisfactory for all values of V,, to m=23. Of course the 
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overwhelming probability is that matters are really much more 
favorable. For we must surely expect that even if the true curve 
begins to diverge from (1), it will not suddenly show tenfold 
values. We should rather expect a deviation which for M=-+10 is 
still small and only gradually increases, perhaps to very consider- 
able amounts, as we approach fainter and fainter stars. If so, the 
divergence in the representation of N,, will undoubtedly be still 
much smaller." 

The conclusion from what precedes can only be: as long as obser- 
vations do not extend beyond m=23, formula (7), in which 
o(M) is given by (x), must be considered as valid. Should they 
ever reach stars fainter than m=23, a direct extension of the 
luminosity-curve beyond M=-+9 may seem desirable. It is easy 
to see how this could be accomplished. We should require, how- 
ever, more extensive data on the very faint stars having very 
considerable proper motions. 


POINT) T4. 


It now remains to be seen what result for A(p) can be deduced 
from formula (7) with the aid of our incomplete data for the values of 
N,,. First consider the case: 

IIIa. We assume the form (2) to hold for all magnitudes from 
the very brightest down to m=, referring for less hypothetical 
considerations to IIId and IIIc. The problem evidently is: given, 
¢(M) and N,, by the formulae (1) and (2) for all values of M and m; 
required, A (p) for all values of p. 

The solution has been given above in equations (8) and (9). 
Although theoretically this solution leaves nothing to be desired, 
we find in most cases that, for moderately large values of p, it 
becomes practically illusory. The reason for this of course is 
that existing data do not furnish the values of the constants h, , 1, 
with sufficient precision. 

t Perhaps this will not be granted, for of course it is not impossible, mathematically, 
that after M@=--o, the frequencies instead of continuing to decrease, may begin to 
increase at such a tremendous rate that the preceding conclusion would no longer hold. 
Even this possibility must probably be denied. If after M=-+o9 the frequencies 
should increase at such a rate, the number of very faintly luminous stars near the 


sun, that is, apparently faint stars with very large proper motion would, I think, 
exceed what is reconcilable with the observations. 
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An example, which has a considerable interest of its own, will 
help to show the difficulty in its true light. As such, we will try 
to derive the arrangement in space of the stars in the star-cloud 
between 6 and y Cygni.* We choose this example because we 
happen to possess data for part of this region down to photo- 
graphic magnitude 18.5 (=visual magnitude 17.33). The part in 
question is that covered by Selected Area (syst. plan) No. 64. 
The low limit of magnitude is reached by using unpublished results 
of the Mount Wilson photometric survey together with those in 
the Harvard Durchmusterung.* Simple countings gave the num- 
bers in Tables VI and VII. 


TABLE VI 


Harvard DURCHMUSTERUNG 


Harv. PHotocraPuic Mac. 


Nin FOR Comp. BY ns 
40’ X40’ (25) Ce 
Limits Mean 
8.00 to BOO ie wees oes 8.5 I 2 =i 
9.00 to Dawe tase esd 9-5 i 7 fe) 
IOOO ILO! = LOGO. <5. 0 sie 10.5 21 19 + 2 
PCO EF, 00... oo eT 5 42 49 —7 
EROOMO | 2:0. sites cc) 110 12.5 143 119 +24 
PePOOLOt ESO0. cacicic n=. + 1355 227 269 —A2 
14:00 tO +14.90.........: ARS 591 570 +21 
E06 le oct gee ae grate Lk area eos T0392." illentoaeaiecceet lacie ken tee ees 
TABLE VII 


Mount WItson PHOTOMETRIC SURVEY 


M.W. PuotocrapHic Mac. 


Nin FOR Nj, REDUCED TO 
15/X15' 40’ X40" 
Limits Mean 
EAMETS G5 vies acre Sta cteleretslas © 12) (6) 203 146 
nets, yal Oy en I OOS hs OC Cm I4.0 432 309 
Tat) S ROS Givin en Hts, 51> OO CBO S om I5.0 972 603 
ING). Ly RO ORIG GeO AD EOD OUOoe 16.0 200% 1420 
SEL ORT pub eos) clas sieveys eeicis «cre! = 170) 3032 2584 
HIP ICORES G7 e)ioicls stale! alge s (eter 18.0 677% 4817 
TIA aaerc eerie Mon ome omen eo ees om TAOSWER valle iterate eres 


¥ Harvard Annals, 101. 
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These tables do not contain even approximately all the stars 
in the two catalogues. The faintest stars measured on the Harvard 
plates are 15.75 (phot.), those on the Mount Wilson plates 18.86 
(phot.). Stars fainter than 14.99 and 18.50, respectively, were 
excluded because we cannot be sure that the catalogues are abso- 
lutely complete below these limits. 

We have first of all to reduce the magnitudes to the same scale 
and to the same area. The latter reduction has already been made 
in the last column of Table VII. To find the scale difference the 
observed numbers W;, in Table VI were represented by an equation 
of the form of (2). The result may be written 


log Nn=2.074+0. 370(m—12.5)—0.0145(m—12.5)?. (25) 


The values computed by means of this formula are in the fourth 
column of Table VI; the fifth shows the residuals O—C, whose 
changes of sign are all that can be desired. With the aid of (25) 
the Harvard magnitudes were calculated for which the numbers 
N;, become equal to the first three values of Nj, in Table VII, viz., 
146, 309, 693. The results are 12.75, 13.68, and 14.78, whence we 
conclude: 


Mt. W.—Harv. 
Harv. mag. 12.75=Mt. W. mag. 13.0 +0725 
Harv. mag. 13.68=Mt. W. mag. 14.0 Ons? 
Harv. mag. 14.78=Mt. W. mag. 15.0 —TOu22 


There is no indication in the differences Mt.W.—Harv. of change 
with the magnitude, and we adopt 


mag. Mt. W.—mag. Harv. =Const.=+0™26. (26) 


By means of (26), the values in Table VII can now be reduced 
to the scale of Table VI. : 

A further reduction from the photographic to the visual scale 
is necessary because the luminosity-curve defined by (1) and (4) 
gives the frequencies for the visual magnitudes. For this we 
have used the corrections given in Groningen Publications, No. 27, 
p. 42. The first five columns of Table VIII show the complete 
reduction. 
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The fifth and sixth columns give the observational data fully 
reduced for the present discussion. The numbers in the cloud 
were first compared with the corresponding numbers for the average 
Milky Way. It turned out at once that these numbers are all 
but perfectly proportional, the cloud having about 2.39 times the 
number for the average Milky Way. ‘This is shown by the seventh 
column of the table which gives the carefully interpolated values 
for the Milky Way according to Groningen Publication, No. 27, 
reduced to an area of 40’X 40’ and multiplied by 2.39. The 
agreement with the observed cloud numbers in the sixth column is 
as good as can be expected. The numbers in the Milky Way in 
Groningen Publication, No. 27, do not extend beyond magnitude 16. 
For these very faint magnitudes the table gives in parentheses the 
values furnished by 


log Nn=—4.516+0.7242m—0.0141m? (27) 


which best fits the numbers of Groningen Publication, No. 27, 
reduced to 40’ X40’ and multiplied by 2.39. 

On the assumption made in this paragraph, that the formula 
holds for all magnitudes, we conclude that at all distances the 
star-densities in the cloud are 2.39 times the corresponding densities 
in the average Milky Way. 

Meanwhile we can represent the observed numbers quite as 
well by a formula somewhat different from (27); for instance, by 


log Nin=—3-951+0.6334m—0.0106m?. (28) 


The representation by this formula is also shown in Table VIII. 

By means of the constants in (27) and (28) and those of the 
luminosity-curve (5), we can at once pass from the distribution of 
the values NV, to that of the densities by.means of formulae (8) 
and (9). We thus obtain 


Solution (27) Solution (28) 
scape ces —8.060 —3.488 
ele ais Remar cs SO) +2.678 (29) 
GOES. Beane ato a TG 76 —0. 882 


The two solutions represent rather widely different arrange- 
ments in space. The best way of showing the difference in 
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compact form will perhaps be to compute for both, by formulae (16) 
and (17), 
N =total number of stars for a field of 40’ X4o’, and 
M=median= distance*below which lie just half of all the stars. 
Introducing the values (29), we find, 


Solution (27) Solution (28) 
1) rah Pee Se 39,000 parsecs 272,000 parsecs (a6) 
Bees aig re heats 579,000 stars 3,700,000 stars 2° 


Identical data thus lead to two solutions for the arrangement in 
space of the stars in the cloud. In the second, judging by the 
median values, the star-distances are 7 times those of the first 
solution. The total numbers’ are as 1 to 6.5. 

Evidently, therefore, the data at present available do not lead 
to a reliable determination of the real structure of the cloud. The 
reason Clearly lies in the fact that the data of Table VIII are insuffi- 
cient for a good determination of the constants for V,, in equation 
(2), and it is readily understood that it is mainly the uncertainty 
in the position of the maximum to which the failure of the solution 
is due. 

In the notation of (2), this maximum lies at the magnitude 


b 
SiS ae (32) 
whence for 
Solution (27) My = 25. a Ga) 
Solution (28) My = 29.88 3 


a difference of over 4 magnitudes! 

We are thus led to consider the question as to how far the 
observed data must be extended in order to obtain a determination 
of A(p) which will satisfy moderate demands at least. 

To answer this it will be necessary to determine: (a) how the 
precision of m, (prob. err. pm.) depends on the precision of the 


t Since the total number of stars resulting from the two solutions differs enor- 
mously, it might seem worth trying to decide between them by measuring the total 
light of the cloud. To test the feasibility of such a plan I compared the values of the 
total light and found that the amounts involved in (27) and (28) are as 1.000 to 1.025. 
Practically, therefore, the idea is worthless, at least with the photometric means at 
present available. 
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counts V,,; (b) how the precision of the median M depends on the 
precision of mp. 

As for (a): Consider first the somewhat easier question of what 
the accuracy of m, obtained from observed values of NV, will be 
for three favorably chosen, equidistant magnitudes 


M,—9; My; Mo. (33) 


For brevity call this the simplified problem. Since a rough esti- 
mate is all that is wanted, assume that the probable error of log Nn 
for these three magnitudes is constant and equal tor. When this 
simplified problem has been solved it will be easy to estimate 
roughly the accuracy obtainable by the use of all values of V,,. 

In the Appendix is derived the formula which shows the relation 
between the probable errors p,,, and 7, namely, 


(34) 


(f 
40 


Pm = =— = V 12(mo—m;)?-+0? * 
Cu 

The value of 7 is readily determined by means of the deviations of 
the observed log NV, from a close-fitting curve. In the case of the 
star-cloud the number of observed stars brighter than 12 is rather 
small. This being the case, consider only the Mount Wilson 
observations in Table VIII, which show a better agreement inter se 
than the Harvard values. For the best-fitting curve I used a 
third solution, intermediate between (27) and (28), for which the 
constants are: 


a@=—I10.019 h=—6.038 
b=+1.570 k=+4.289  (area=4o’X4o’) — (35) 
¢=—0.0204 [=a 10S 


Mo= 26.73 Median M=63,800 parsecs 


The value found for the probable error is*r =+0.008. Experi- 
ence gained in other cases indicates that this value is accidentally 
low and that a better one would be 


y= +0.012. (36) 


For the fundamental magnitudes we choose the values (see 
Table VIII) 
Pes ey 14.52, 16.86, (37) 
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then for the computation of p», by (34) 


M:=14.52 T= 2.34 \ (38) 
Mo = 26.739 ¢=—0.0294 
which lead to 
Pm. = = 2.6 mag. (39) 


Starting from solution (27) instead of (35), we find nearly the 
same result. 

As for (0): We learn how the accuracy of the median M depends 
on that of m, by comparing the values of m, and M in the three 
solutions (27), (28), (35). Adding a fourth solution, we have 
altogether 


Mo log M 
25.68 4.592 
1.05 6.213 
26.73 4.805 (40) 
1.05 0.203 
27.78 5-008 
2.10 0.426 
29.88 5-434 


Evidently log M changes very nearly proportionally to m,. In 
fact 

log M=—0.544+0.2 mp. (41) 
Therefore 

Plog M=0-2 Po; (42) 


consequently, adopting the values (39), 
P log M= 0.520 (simplified problem). (43) 


It is now easy to see what can be gained by future extension of the 
counts to fainter magnitudes. 

Table IX shows how the probable errors of both m, and log M 
change with increase in the limiting magnitude. In accordance 
wich what precedes, we adopted = 2.6 as the probable error of m, in 
the case of the limiting magnitude 17.5, i.e., for limiting V,,=17.0. 
The remaining probable errors were then computed by formulae 
(34) and (42). The results are summarized in Table IX. 
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Hence, if we were able to photograph the stars to magnitude 
20.5 (visual scale), the probable error of log M in the simplified 
problem would be diminished to 0.176, which, roughly speaking, 
is equivalent to a probable error of about 42 per cent in the numeri- 
cal value of M. I believe the error would be further lowered to 
less than 30 per cent, if the calculation of m, were based on all the 
available data for N» instead of merely on those for the three 
fundamental magnitudes used for the simplified problem. 

From an absolute point of view this precision may not seem to 
be very satisfactory. Still if it can be reached—and at present 
this is hardly subject to doubt—an enormous step in advance 
will have been made, for it means that the median parallax will 
have been determined with a probable error of about +0%o0o001. 


TABLE Ix 


PROBABLE ERROR OF ™) AND LOG M (SmmpLiFIeD PROBLEM) 


Limiting Fund. Mags. Mx o Sol. 3 5) 


Magnitude me Plog M 
Ty Aion oe Or rarer TOVOuel Aes al. O I4.5 Bas 200 |On5 20. 
TOuS se ccmecenes T2505 00560) 1Lo-O E5200 eso 73 - 346 
TOS ie cisretee eres L205 E5eh ae LOLO TGS Aes 5 26.73 eo .242 
QONG sisasteniacrs 12). Oni kO,Om2OnO TO).O8|'9 4:20 0.88 2170 
BTb one cteercieeete T2.Ome TOMS alo ttnO 16.5 4.5 0.66 -132 
DORIS pete ois elevate T2.Ont ZO 2200 T72On|eseO 0.51 0.102 


Moreover, the accuracy can be greatly increased by taking several 
fields instead of but one. 

The preceding considerations on the structure of one small 
region may of course be applied without change to the investigation 
of larger parts of the sky, for instance, to the Selected Areas for 
different zones of galactic latitude. The only difference is that 
we will obtain a.much greater accuracy. 

From the data of Groningen Publication, No. 27, Table V, we 
have found the values of m, for different galactic latitudes (6) 
entered in the second column of Table X. The other quantities 
in the table were obtained in the manner already explained. 

In this table the probable errors are given, in the simplified 
problem, as they would be found for a single region containing the 
same number of stars as that in the case treated above. In con- 
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formity with (39), pm. for 8=o and lim. mag. 17.5 was put at +2.6. 
For the rest the computation was made with the aid of (34) and (42). 

As was to be expected, the values of m, run somewhat irregularly. 
We therefore adopted the smoothed values of the third column, 
which, with the exception of that for 8 = 20°, represent the observa- 
tions practically as well as those of the second column. 

By using for each region all the material instead of the three 
values of N,, of the simplified problem, the probable error will 
be diminished. If further for each galactic latitude we take the 
greater part or all of the Selected Areas, the probable error will 
again be much reduced. Finally, a further important reduction 


TABLE X 
PROBABLE ERROR IN SIMPLIFIED PROBLEM FOR A REGION 15’ X15’ 


Lim. Mag. 17.5 Lim. Mag. 20.5 
8 iz Adopted ms lest ORNs 

me Plog M mo Plog M 
os. oe 26.7 26.7 |—0.0294 | +2.6 £0.52 +0.88 | +0.176 
BOni ott ars 2722 25.6 |— .0297 2.4 .48 -79 .158 
AO ssste sta. < 3 230r 225 0M O35 1.6 32 51 .102 
(cope i9.1 EOP On| 407; 0.85 Y/ .24 .048 
Sie 5 -aeaee 18.2 Ly. —0.0486 | =0.45 +0.09 =O,II 0.022 


can be made by taking into account the very extensive data for the 
brighter stars. In order to see more clearly what can be gained, 
some estimate must be made as to the effect of all these reducing 
causes. The matter certainly deserves careful study. We have not 
yet made such a study, but estimate provisionally that it should 
be easy to reduce the probable errors of Table X to one-third." 
For clearness we may express roughly the accuracy correspond- 
ing to this assumption in percentages of the whole. The results 
for the median M are thus found to be as given in Table XI. 
Granting the suppositions made in IIIa, and that we are in 
possession of data for V,, to magnitude 20.5, we conclude that 
we can obtain what may be considered a good insight into the 
«The comparison of the values m, in the second column of Table X with the 


smoothed values in the third leads at once to a precision of about this amount, not- 
withstanding the fact that the data of Groningen Publication, No. 27, extend but little 


beyond magnitude 14.5 visual. 
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distribution of the stars in all galactic latitudes. With data to 
17.5 alone (Mount Wilson Survey) this can be said only for the 
regions of high galactic latitude. Below latitude 4o° the solution 
becomes rapidly less reliable. 

Remark.—Meanwhile we need an extension of star-counts for 
regions near the galactic pole quite as much and probably more 
than for the lower latitudes, for just these observations of Vy, 
in the higher latitudes will lead to a judgment on the general 
validity or non-validity of the analytical form (2). This follows 
because of the lower value of m, (Table X). Suppose for instance 

TABLE XI 


PROBABLE ERROR OF MEDIAN M IN PERCENTAGE 
oF Its AMOUNT 


Limiting Magnitude 


Gal. Lat. 
17-5 20.5 
OEE SLI encib Cstito 41 13 
20 Wag Wise tots sree ele ree 38 I2 
TORSO SOS MACON E Oe: 25 8 
OO isu! austere sevetrele oeatene 13 4 
BO Seerc takin Ocoee 7 ey 


that we obtain counts to apparent magnitude 20.5. In high lati- 
tudes the curve for NV,, will then become known considerably 
beyond the maximum, that is, for a very considerable fraction of the 
whole, and a fraction very much greater than that covered in the 
lower latitudes. In case formula (2) is confirmed for this large 
part of the curve in the region of the galactic pole, we will use 
the same analytical form with much greater confidence for the 
lower latitudes also. 

IIIb. We know by observation that as far as magnitude 14 the 
values of V,, are well represented by (2); for the stars fainter than 
14 we know nothing of the sort... What results will it be possible 
to obtain from this knowledge ? 

Schwarzschild’s solution, which is based on the supposition that 
all values of NV, fall on the curve (2), led to formula (8) which, but 
for the observation errors, would yield a knowledge of A(p) for ail 


*We take the limit m=14 because it represents what at present is really well 
known. The reasoning, of course, holds for any other limit. 
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distances. This solution is not now generally applicable and we 
must look for another. Such a solution, based on quite different 
principles, which I will call solution K, has already been given in 
Groningen Publication, No. 11, and has also been applied in Contribu- 
tion No. 188. It has there been carried through for galactic 
latitude 40° to go°, and shows the very gratifying fact, which 
we had no right to expect beforehand, that, but for small distances 
(where Schwarzschild’s solution is confessedly wrong) it agrees 
wondertully well with the Schwarzschild solution. With the excep- 
tion referred to, therefore, solution (7) represents all the data, those 
of Contribution No. 88 as well as the values of N, in a way that 
leaves hardly anything to be desired. 

Therefore, notwithstanding what has just been said, the 
Schwarzschild solution (8) must still be considered the most 
plausible to be obtained with the aid of the data at present avail- 
able. This must be owing to the fact that further values of V,,, 
particularly those for the most influential magnitudes 15, 16 

..., do not deviate very much from the curve (2). Still 
this does not prove that formula (8) gives even an approximate 
solution for A(p) at very great distances. Wesee, for instance, from 
Table II, that according to (8) there are, in high galactic latitudes, 
hardly any stars beyond log p=4.2. As a consequence thereof, 
suppose that between logp=4.o and logp=4.2, the density is 
a hundred fold the value given by (8); the total numbers of 
stars NV,, will be changed by about 1 per cent only. For the 
brighter magnitudes the change would be still smaller. Evi- 
dently, therefore, nothing can be concluded from our data about 
the densities at such great distances. They may or may not 
agree with formula (8); we have no means of judging. The 
matter would be different if we had good counts (N,,) for very 
much fainter stars. The question thus presents itself: To what 
distance can the densities computed by (8) be accepted with some 
confidence? Or to be more precise: To what distance can we trust 
the values of A(p), found by (8), to be correct within 25 and 4o 
per cent, respectively, of their values ? 

In considering this question we will assume that what was found 
in Contribution No. 188 for galactic latitudes 40° to go° will also be 
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found for other galactic latitudes, viz., complete agreement of 
solution K with solution (8). It seems to me very probable that 
such will turn out to be the case. As solution K is independent of 
the values of V,, for m>14 we may thus accept formula (8) for 
log p $2.8 (excepting of course the small distances). 

The question under consideration comes to this: How much 
can we change the densities (8) for log p>2.8, without spoiling 
the representation of the values of V,, to m=14? Suppose that, 
for galactic latitudes 40° to 90°, we multiply the densities for 


log p=2.8 to 3.0 by Fi, 


* log p=3.0 to 3.2 by F,, etc. 

Then the numbers in Table II (second part) for log p=2.8 to 3.0 

will all be multiplied by F,; those of the following line by F.,, etc. 
The total number WV (see Table IT) will thus be changed to 


N3(0.9190-+0.0569F,+0.0188F,+0.0044F,+0.0008F,+0.0001F;) (44) 


and, in order that the WV, may still be represented, the sum must still 
equal Ns; or better, the expression in parentheses must equal 1.00. 
We also find similar expressions for magnitudes 9, 10, .... I4. 

The question thus becomes: What is the smallest distance for 
which we can take for any one of the factors F, a value as high as 
1.25 or as low as o.75 (or, respectively, 1.40 and 0.60) without mak- 
ing it impossible to determine the remaining factors in such a way 
that the seven equations of condition are still bearably well satisfied. 
For “‘bearably well satisfied” we have used the condition that the 
range in the residuals should not exceed ro per cent. 

Suppose, therefore, having assumed the constant F for distance 
R to be 1.25, that we solve our equations of condition and obtain 
indeed a ‘“‘bearable”’ set of residuals. Will this prove that for dis- 
tance R a density deviating 25 per cent from (8) is admissible? By 
no means. For as a rule the values found for the other constants 
will be impossible or inadmissible because they lead to negative 
values of A(p) or to values running too wildly for the regularly 
increasing distances. 


tIn Contribution No. 188 this is the limit to which solution K extends. 
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In order to obtain an acceptable solution we must evidently 
introduce the condition that the values of F shall run smoothly for 
regularly increasing distances. This condition is pretty vague 
and introduces a certain degree of arbitrariness, but I think that 
there is really no serious objection to it. Moderate differences in 
the form of the curve will probably change the results little as long 
as we leave two or three constants indeterminate, to be found in a 
way best satisfying the conditions of the problem. 

Before stating the form adopted for the factors F, consider the 
general course they must follow. From the value 1.00 for log p = 2.8 
they must either increase or decrease. Consider only the first 
case, because by satisfying this we more than satisfy the other. 
The initial increase cannot indefinitely continue because if all the 
factors are greater than 1.00, the total numbers W,, will all be 
increased. The values of V,, cannot well be represented, therefore, 
unless values of F >1.00 are compensated by later factors< 1.00. 
The factors must therefore pass through a maximum, after which 
decrease sets in and they soon become 1.00. We assume that 
there is but one maximum. Consider now the various curves rep- 
resenting various hypotheses for the factors F. Take more curves 
for which the value of the maximum is respectively Prox =1.25, 
fee 1.30. Fa 1.35, - «,. . and-let. Ky Kz, Kee a beatne 
values of the distance for which F=1.25. 

Then we think that generally 


tok. ee, 7s), 9 


That is, the factor F=1.25 will be reached sooner by that curve for 
which F=1.25 is a maximum." 

Since we wish to find the smallest distance at which F can become 
equal to 1.25, we consider only the latter case, that is, find the 
minimum distance, R, at which F can reach 1.25 as a maximal value, 
without being led to an ‘‘unbearable” representation of V,. 

This being premised, we now give the mathematical form 
adopted for F: 


t We have not tried to find the demonstration. We have been content to verify 
its truth further on by means of the data in Table X. 
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A. For the case, maximum factor=1.25 
Before the maximum, F =0.96+0. 29 e~”*” (45) 
After the maximum, F=1.25 e~?* 


B. For the case, maximum factor =1.40 
Before the maximum, F=o0.96+0.44 e~”” (46) 
After the maximum, #=1.40 e~?” 


in both of which 
a=log p—log R. (47) 


There remain, therefore, the three constants R, h, p, to be 
determined in such a way that R corresponds to the smallest distance 
for which the values of NV, can be represented with residuals not 
exceeding 10 per cent. This form for the factors F gives perfect 
smoothness throughout. It is that which a priori seems most 
plausible. Beyond the maximum, A(p) is evidently again repre- 
sented by a form like (8), which represented the densities for the 
smaller distances with such perfection. 

It does not, however, start at log p=2.8 with the initial value 
1.00, as premised. ‘The reason is that the small discontinuity thus 
introduced at log p=2.8 is of no real importance, while the repre- 
sentation of V,, is appreciably better. 

Substituting the expressions for F into (44) and equating the 
result to the successive values of NV, we obtained a number of equa- 
tions of condition. 

In solving them we generally began by assuming two values for 
R, for each of which these equations were solved for # and / in 
such a way that practically the best possible representation of 
Nin(to m=14) was obtained. The range of the residuals was then 
found for both cases. The value of R for which the range is 10 
per cent could then usually be found by interpolation. If not, the 
computation was repeated for a third value of R. In this way 
were found all the values entered in Table XII. 

In all cases, with the exception of the third for m=14, the 
range of the residuals in NV, is nearly 10 per cent. In the excep- 
tional case it is only 6.5 per cent. In fact, in this case, the knowl- 
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edge of NV, to m=14 takes us little beyond what was reached 
by solution K. 

From Table XII we may be pretty sure, now that we know 
N with some precision tom =14, that in the Milky Way there will 
be in the densities as computed by (8), no error of 25 per cent 
up to log p=3.1 and no error of 4o per cent up to log p=3.2. As 
soon as we have reliable knowledge of Ni, to m=20 these limits 
will rise to log p=3.8 and 4.0, respectively. We further learn 
from the table that by extending our knowledge of N,, from m=14 


TABLE XII 


Liwits oF RELIABILITY OF A(p) By (8) 


Ni, KNOWN TO m=14 Nj, KNOWN TO m=20 


Gat. Lar. Gat. Lat. 
max log R h p Pmax log R h d 
Os ee eae Ee IN i eseral lease? Ill ern saeco o W30G || Sa |b aoe || ses 
CWE aoe EnAO | 352 OC OWE? On| | Ose rere eee 4M A aOnll ees 72 | es 0 
40 to 9o...| 1.25 BOM |errey a psoyey II AKeyi XO We) cual) APS 3-4 | 4.0 2.05 
40 to go...| 1.40 Da ONsra ocho 3.0 AOTOIOO creel AO Bob) 4.0 3-73 


to m= 20 we will extend the limits to which we can reliably determine 
the structure of the system: 


In the Milky Way 5.6 fold (log=o. aN (48) 


In gal. lat. 40° to go° 3.5 fold (log=o. 55) 


In the case of the Mount Wilson Survey, which will yield V,, 
to m=17, the gain will be about half this amount. 

IIIc. If finally, having extended the counts N,, to some higher 
magnitude, we find that the values of NV,, no longer fit an error- 
curve like (2), then evidently formula (8) will no longer hold for 
the densities. In this case we must fall back on formula (7). 
We will thus find different values for the densities A(o). We may 
certainly expect, however, that, as long as these values do not 
deviate very widely indeed from the densities furnished by such 
a formula as (8), our considerations on the limits of reliability will 
still practically hold. For the present, therefore, we may safely 
rest content with the results just obtained. 
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POINT IV. EXTENSION OF THE LIMITS OF TABLE XII 


There is, we think, reason to assume that the limits shown in 
Table XII give rather too unfavorable an impression of the real 
reliability. The reason is that the deviation, having once reached 
25 (or 40) per cent, will grow no further, or at least not much further 
before it begins to diminish. This it will continue to do until it 
becomes zero and begins to increase again and, possibly, go on 
increasing indefinitely (on the other side). That is to say, beyond 
the limits assigned in Table XII the deviation from (8) for a certain 
time will still be mostly very moderate or small. Still much more 
important than this is a fact which will appear in a further publica- 
tion, by one of us, in which a formula is derived theoretically which 
in the last analysis is an expression of the differential quotient 
dA(p)/dp as a function of p and A(p). The integration of this dif- 
ferential equation, if the equation could be accepted as definitely 
proved, would give A(p)as a function of p for all distances. As it is, 
the equation is verified by observation as far as observation can 
fairly be relied on. 

We thus have not only reliable values of A(p) up to the limits of 
Table XII, but also to these same limits, reliable values of dA(p) /dp. 
This proves that we have a right to extend the use of the formula 
which yielded A(p) considerably beyond the limits of Table XII. 

There is a third consideration which will enable us to extend 
the limits of Table XII with some probability of reliable results. 
In the publication just alluded to it will be shown that the equi- 
density surfaces are at least approximately similar ellipsoids. If 
we suppose that this form holds somewhat beyond the limits for 
which we have fair certainty, then the limits of Table XII will 
again be extended, at least for the lower galactic latitudes. 

The three considerations (of which the second is the most 
important) together make us believe, that as soon as we have good 
data for NV, down to magnitude 17, which will be very shortly, we 
shall be able to find fairly reliable values of the A(p) for the entire 
region near the center for which A(p) exceeds one hundredth of 
the density near the sun, that is, for the whole of the space 
represented in Fig. 2, Contribution No. 188. 
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CONCLUDING REMARK 


The conclusions arrived at in this paper may perhaps best be 
seen in their true bearing by comparing the limits within which we 
can find fairly reliable results for the structure of the stellar system 
by using different sets of data. Of course Table XIII claims no other 
merit than that of furnishing the means of a rough insight into 
what can be obtained at present or in the very near future. 


TABLE XIII 


Liwmts In Parsecs Witatn WuHicH THE STRUCTURE OF THE STELLAR 
System Can Bre Founp 


Galactic Latitude 
Method 
0°20" 40°-90° 0°90" 

Ge DIect parallax determination. «.5.....445 «alte cee Mors | dorset 50 
2. Parallactic motion, now well known, to m=10 320 240 300 
Bel Desens COV? = 1305 a5 os sc siete coca oles (830) (610) (720) 
4. Parallactic motion, stars to m=10 and wp=o7o1 400 320 360 
5. The same together with N,, (the latter to 

Fi Aer SAR eh ree ee 1600 800 1200 
Kye Same. IV COG = 17-5 oe ee sisere cis ne tisiens (4000 (1600) (2800) 
7. Extension according to Point IV, NV, to m=14. 3000 1000 2000 
Sem ersaINe. IV 9 LOU Eco sie wie csteres cele care (8000) 1700 A=A,/100 


NOTES TO TABLE XIII 


The limits in parentheses have not yet been reached but may be attained in two 
or three years. 

x. The magnificent results lately obtained in direct parallax determinations by 
means of long-focus instruments show probable errors of the order of o%01. Even if 
there were demonstrably no systematic errors left, a probable error of o%01 would 
imply that we cannot derive from them the structure of the system beyond the limit 
of tle table. Since the absence of systematic error cannot be claimed, the limit of 
the table is probably rather high. 

2,4. The table gives simply the mean distances corresponding to the mean paral- 
laxes in Groningen Publication, No. 29, and in a paper not yet published. 

3. Simple repetition of the parallax plates obtained at the Mount Wilson Observa- 
tory some five or more years after their first exposure, would give excellent values for 
the parallactic motion of the stars of magnitude 13. Similar repetition of the parallax 
work done in America on Boss stars by other observatories with long-focus instruments 
would also contribute to an important degree. 

5, 6. From Table XII of the present paper. 

7,8. According to Point IV of present paper. In the last column of No. 8, 
A=A,/100 means that for all latitudes the densities are fairly reliable for the whole 
of the space where the density is greater than 0.01 of that near the sun (compare 
Fig. 2, Contribution No. 188). 
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All the results will be greatly strengthened as soon as we know 
Nnto m=20. At the same time this will enable us to make good 
estimates for still greater distances. 

APPENDIX 
POINT IlId. ON THE SIMPLIFIED PROBLEM 

Given, y=probable error of each of the quantities log Nz, log Na, 
log N;; required, p»,=probable error of the constant m. 

By formulae (31) and (2) of the text 

log Ny =ya—2umcm+pom? (u=mod.), (a) 
Hence ~ 

log N:=ya-2um,.c(m,—c)+pyc(m,—c)? © 

log N.=ya—2ym,cm,+pom? (b) 

log N;=pa—2umoc(mr+o)+pc(m+c)? 


from which for m, 


Lp tes ee 
Mo WS Cree (c) 
in which 
_ log N,—log N, 
“jog Nj—log N° (4) 
Consequently 
Co 
Po = (Ha): Py (e) 


in which the probable error py must,be found from (d). Since we 
assume 


Probable errors of V,, N., and N; each=r, (f) 
we obtain as in the text 
rV 2 : 
Pm. = eT gatcu V 12(mo—mr) ec (g) 


LEwEN, HoLtanp 
August 1921 
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Contributions from the Mount Wilson Observatory, No. 230 
Reprinted from the Astrophysical Journal, Vol. LV, pp. 302-328, 1922 


FIRST ATTEMPT AT A THEORY OF THE ARRANGEMENT 
AND MOTION OF THE SIDEREAL SYSTEM 


By J. C. KAPTEYN:= 
ABSTRACT 


First atiempt at a general theory of the distribution of masses, forces, and velocities in 
the stellar system.—(x) Distribution of stars. Observations are fairly well represented, at 
least up to galactic lat. 70°, if we assume that the equidensity surfaces are similar 
ellipsoids of revolution, with axial ratio 5.1, and this enables us to compute quite 
readily (2) the gravitational acceleration at various points due to such a system, by sum- 
ming up the effects of each of ten ellipsoidal shells, in terms of the acceleration due 
to the average star at a distance of a parsec. The total number of stars is taken as 
47.4X109. (3) Random and rotational velocities. The nature of the equidensity 
surfaces is such that the stellar system cannot be in a steady state unless there is a 
general rotational motion around the galactic polar axis, in addition to a random 
motion analogous to the thermal agitation of a gas. In the neighborhood of the 
axis, however, there is no rotation, and the behavior is assumed to be like that of a 
gas at uniform temperature, but with a gravitational acceleration (Gn) decreasing 
with the distance p. Therefore the density A is assumed to obey the barometric law: 
Gn=—##?(5A/5p)/A; and taking the mean random velocity @ as 10.3 km/sec., the 
author finds that (4) the mean mass of the stars decreases from 2.2 (sun=1) for shell II 
to 1.4 for shell X (the outer shell), the average being close to 1.6, which is the value 
independently found for the average mass of both components of visual binaries. In 
the galactic plane the resultant acceleration—-gravitational minus centrifugal—is 
again put equal to —7#?(6A/ép)/A, #@ is taken to be constant and the average mass 
is assumed to decrease from shell to shell as in the direction of the pole. The angular 
velocities then come out such as to make the linear rotational velocities about constant 
and equal to 19.5 km/sec. beyond the third shell. Ifnow we suppose that part of the 
stars are rotating one way and part the other, the relative velocity being 39 km/sec., 
we have a quantitative explanation of the phenomenon of star-streaming, where 
the relative velocity is also in the plane of the Milky Way and about 40 km/sec. It is 
incidentally suggested that when the theory is perfected it may be possible to deter- 
mine the amount of dark matter from its gravitational effect. (5) The chief defects 
of the theory are: That the equidensity surfaces assumed do not agree with the actual 
surfaces, which tend to become spherical for the shorter distances; that the position 
of the center of the system is not the sun, as assumed, but is probably located at a point 
some 650 parsecs away in the direction galactic long. 77°, lat.—3°; that the average 
mass of the stars was assumed to be the same in all shells in deriving the formula 
for the variation of Gn with p on the basis of which the variation of average mass 
from shell to shell and the constancy of the rotational velocity were derived—hence 
either the assumption or the conclusions are wrong; and that no distinction has been 
made between stars of different types. 


1. Equidensity surfaces supposed to be similar ellipsoids.—In 
Mount Wilson Contribution No. 188? a provisional derivation was 
given of the star-density in the stellar system. The question was 
there raised whether the inflection appearing near the pole in the 

t Research Associate of the Mount Wilson Observatory. 

2 Astrophysical Journal, 52, 23, 1920. 
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equidensity surfaces for small densities is real or not. I have 
since found that these inflections can be avoided without doing 
very serious violence to the results of observation. If this is done, 
the equidensity surfaces become approximately ellipsoids, and 
not only that, but the data can be represented without exceeding 
the possible limits of observation error, by assuming the equi- 
density surfaces to be concentric, similar revolution ellipsoids, 
similarly situated. 

2. Elements of the ellipsoids.—Taking as unit of star-density that 
in the neighborhood of the sun, the adopted axes of the ellipsoids, 
which will be referred to as ellipsoids I, II, . . . . X and which 


TABLE I 
EQUIDENSITY ELLIPSOIDS 


Ellipsoid Log A A B B/A 
parsecs parsecs 
ISAS avealtthe: steradaeiera east eae 9.80—10 118 602 5.102 
TDS thers cian x coe rotate sarate 9.60 198 IoIO 5.102 
ELD Va ota akhos wo oetah weieeioe 9.40 296 I510 Sekoa 
EV isolate cere seis vias atoeentens 9.20 413 2106 5.102 
Vis Sriisiate cinoma earn 9.00 553 2820 5.102 
WV ae ck bon ease: 8.80 717 3656 5.102 
VET st ge rete ai terns ey oy seers 8.60 go2 4600 5.102 
VE ites Aironet rere 8.40 III4 5675 5.102 
LNG e ee taaatin ets niece 8.20 1365 6960 5.102 
DS Pains Oar O OG SARTO 8.00 1660 8465 5.102 


correspond to the values (A being the density) log A+10=9.8, 9.6, 
. 8.0, areas shown in TableI. The A-axis is directed toward 
the alee Pole, the B-axis lies in the plane of the Milky Way. 
For the Milky Way and for the direction toward the Pole 
this table yields densities which are fairly well represented, for 
p> 150 parsecs, by the formulae, 


log A= —2.135+2.368 log p—o.593 (log p)? (M.W.), (x) 
log A= —5.356+4.890 log p—1.200 (log p)?__ (Pole), (1a) 


A section of the equidensity-ellipsoids through the sun (which 
has been assumed to be the center of the system) at right angles to 
the plane of the Milky Way is shown in Figure 1. 
The agreement of the densities furnished by Table I with those of 
Contribution No. 188 is fairly good for all galactic latitudes up 
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to 65° or 70°. For still higher latitudes it may perhaps still be 
called tolerable. At least the deviations hardly exceed what would 
be produced by an error of 0.1 mag. in the photometric scale for 
these regions. 

In the present paper I have substituted these ellipsoids for the 
surfaces derived directly from observation in Contribution No. 188, 
not because I think they are nearer the truth, but simply because 
they are so enormously more convenient for further computation. 

My aim in the present paper is simply to get hold of some 
approximate information about the real structure and motion of the 
system, and quantitative accuracy has been considered of secondary 


x n Ao 
mM 2s 
= 
10 
20 30 60 390 60 30 20 acess 
z VI 040 
a Ml .0235 
% .0w 
Rr 010 
0 - i 7 Vv s' o——-y 
10000 8000 16000 ~PARSECS 


importance as long as we may hope that the main features are not 
affected. I trust that this hope will not be disappointed, not- 
withstanding the many defects—defects that will be duly pointed 
out—which still attach to the present treatment. 

3. Advantage of the adoption of the ellipsoids.—The form of the 
equidensity surfaces thus adopted has the advantage that it calls 
attention to the possibility of determining with some precision 
the gravitational attraction of the whole of the stellar system on 
any point inside ellipsoid X, while at the same time it renders the 
computation of that attraction a relatively easy matter. 

In another paper' van Rhijn and I have tried to show that, as 
soon as we possess good counts of stars for each interval of magni- 
tude down to apparent magnitude 17 (visual), we shall know with 
some tolerable approximation the density of the whole region 
covered by Figure 1, that is, of the whole extent of the stellar 
system for which the density exceeds one-hundredth of that in the 
neighborhood of the sun. 

t Mt. Wilson Contr., No. 229; Astrophysical Journal, 55, 242, 1922. 
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In the near future such counts will be available. They will be 
furnished by the Mount Wilson “Catalogue of the Selected Areas”’ 
(from 6= —15° to 6= +90"), the discussion of which is in the hands 
of Seares. A few provisional counts make it probable that this 
work will in the main confirm the elements used for Table I and 
Figure 1. I will assume, therefore, that even now the densities 
are sufficiently well known for the whole of ellipsoid X. 

The advantage just alluded to is a consequence of the well- 
known property that the attraction of an ellipsoidal shell of constant 
density, bounded by two similar and similarly situated ellipsoids, 
on an internal point is zero. For it is evident by this property 
that, if in all that part of the system which lies outside ellipsoid X— 
for which part accurate data are still wanting—the arrangement in 
similar ellipsoids also holds, the attraction of this outside domain 
on a point inside ellipsoid X would be zero. And as the distribu- 
tion of density inside ellipsoid X is known, the possibility of com- 
puting the attraction of the total system on a point inside of X 
becomes evident. If on the contrary the same arrangement does 
not hold outside ellipsoid X, it still seems highly probable a priori 
that any change in the form of the equidensity surfaces must be 
gradual, that is, the equidensity surfaces in the neighborhood of 
X will diverge little from similar ellipsoids, and the greater changes 
will begin to appear only at more considerable distances. For 
the consecutive shells, therefore, the attraction on an internal 
point will begin by being very small, both on account of the near 
approach to similarity of these shells and their small density and 
greater distance from the attracted point. For more distant 
shells the first circumstance will probably diminish in importance 
with increasing distance, while, on the contrary, the second becomes 
more and more important. On the whole, therefore, the attraction 
of all of that part of the system which lies outside X will be small, 
and its neglect will presumably not prevent us from obtaining 
fairly exact ideas about the total forces. 

4. Computation of the gravitational forces—In ellipsoid I, which 
for brevity I will call shell 1, and in each of the shells 2, 3, .. . 
10, between the surfaces of ellipsoids I, II, . ~ae, the denciey 
varies between limiting values which are in the Leo OL F to7r535: 
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In what follows I will assume for each shell a constant average 

density. 

The computation of the gravitational forces has been carried 
through for: 

(x) 10 points in galactic latitude o° lying in the surfaces of ellipsoids 
I, Il, .... X; these points have been designated by I, 0°; 
1S Se ee, Ot oS 

(2) 5 points in galactic latitude 30°, situated on the surfaces II, 
PWV, VIL Xs denoted: by Il)30°s 1V,-40. eee eo 

(3) Similarly for the 5 points II, 57°91; IV, 57°91; . . . . X, 5721. 
(57°1=average latitude between 40° and 90°.) 

ep Lhe to points 1,.90°: IT} 90°; . . . . X, 90% 

As a unit of attraction I have used the attraction on each other of 

two stars of average mass separated by a distance of 1 parsec. 

I first computed the attraction of the full ellipsoids I, II, .... X 

on the points specified above, on the supposition that they are of a 

constant density such that every cubic parsec contains a single 

star. The formulae for this computation are given in the Appendix. 

The attraction of the full ellipsoids having been found, simple 
subtraction gives the attraction of the separate shells 1, 2, . LO; 
all supposed to have the density corresponding to one star per 
cubic parsec. The actual attraction of the shells was obtained by 
multiplying these results by the number of stars per cubic parsec 
contained in each shell. For the average densities, expressed in 
terms of the density in the neighborhood of the sun, I adopted the 

values corresponding to the logarithms 9.9, 9.7, 9-5, .... 8.1, 

each minus 10, multiplied by 0.0451, which according to Contribu- 

tion No. 188 (12) is the number of stars per cubic parsec near the 

sun; this gives the numbers in Table II. 


TABLE II 
AVERAGE NUMBER OF STARS PER CuBIC PARSEC 


Shell No. Stars Shell No. Stars 
DRM eS sca levaiaie ites, 0.0358 Ch Ree toe sp one. as 0.00358 
BB... ORR CR Oe 0226 Woah Doon 6 OR ana .00226 
2. 300 Gt Eee pen oe O143 Sn Gee c aioe citi .00143 
Jog 90660 RC caret . 00900 OMe osetia tierra ten . 000900 
Gs0 Soon dase OeOnGE 0.00568 MOM A nit teed Ouch osc 0.000568 
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Having found the separate attractions, the components of the 
total attractions parallel to the axes can at once be determined by 
noting that the attraction of any shell on an internal point is zero, 
and further, by neglecting the attraction of that part of the system 
outside of ellipsoid X on a point inside this ellipsoid. Instead of 
the components I have entered in Table III the total forces G and 
the angles that these forces make with the X-axis. These are of 
course found by the formulae 


X=G cos ¢ V=G sin @. (2) 


In addition, I have given the values of ¢—y, y being the angle 
which the Normal to the ellipsoid through the attracted point 
makes with the X-axis; y is determined by 


tan y=— — (2a) 


The angle ¢—y is of course the inclination of the direction of the 
force to the normal. 

The interpretation of this table—of the first entry, for example— 
is: Attraction of the whole stellar system on a body in the point 
I, o° is a force equal to the attraction of 33.19 stars of average 
mass at the distance of 1 parsec from that same body. This 
force makes an angle of 90° with the X-axis, and an angle of o° with 
the normal to the equidensity ellipsoid through the attracted 
point. 

5. Analytical representation of G for galactic latitudes 0° and go°.— 
In trying to represent the force G by an analytical formula, I 
started from the consideration that, as the density is constant 
near the center, the attraction must be nearly proportional to the 
distance p for very small values of p; further, that for distances 
very great as compared with the dimensions of the stellar system, 
the attraction must be practically the same as it would be were 
the mass of the whole system concentrated in the center. For these 
latter distances, therefore, G must be proportional to 1/p?. 

The following easily managed formula satisfies both conditions: 
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In this formula A/D evidently equals the total number of 
stars, V, in the stellar system. 

A rough estimate of this number can be made by assuming 
that formula (15) of Contribution No. 188, viz., 


Nu= ertbmtcm (4) 


is true for all values of m. Integration over m gives 


N= =e (5) 


For thesvalues of a, 6, c best satisfying the numbers in 
Groningen Publications, No. 27, Table V, which gives the number 
of stars per square degree, I found the following: 


Number of 
Gal. Lat. a b c Square Degrees 
OULOL 20058 Nae —10.564 +1.50985 —0.0276 I4IIO 
= '20) tO == 4Omaa. oe eran —1I0.539 +1.5468 —0.0288 12420 


E—Viley 1K Ae} Ahad bo Gb 0 or —I0.815 +1.6592 —0.0414 14730 


With these data, computing the total number of stars for each 
of the three zones, I obtained 


Gal. Lat. No. Stars 
0° to + 20° 43.8 X10? 
+20 to +40 BROOM eLO? 
+40 to +90 0.043 X 109 
whence 
A 
paN=47-4X 10°. (6) 


The remaining constants were so determined that (3) repre- 
sents the values of Gin Table III. I thus found 


Gal. Lat. =o° Gal. Lat. =90° 
A=o.110 A=0. 376 
B=1.30 X1073 B=1.83 X1073 
€=0.657 X 10° C=3 108 Tome (7) 
D=2.32 X107% D=7.93 X107%2 
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The representation of the tabular values is as follows: 


GAL. LAN =0° “| Gat. Lat. =90° 
p ee b A 
G. Tab. | G. Form. |Tab.— Form G. Tab. | G, Form. }Tab.—Form 

ROO ee.) 30.0 30.2 —0.2 200% jaca GAS 50.1 stare 
OOO dei a: 37.8 CER) +0.8 ROO vera 66.2 68.0 —1.8 
BOOO Ki erii< 36.0 35.0 2.0 TOOOS cat 58.5 60.3 —I.0 
BO00...... Sing 20.2 = eas) US OOn nye 49.1 49.4 O13 
AGOO ms. ar. kis 26.0 26.0 0.0 
GOOGtse ci 19.0 19.9 —0.0 
SOOO. ac. I4.0 16.0 —2.0 | 


The agreement is not very good, but seems sufficient for our 
present purpose. ' 

6. Application of kinetic theory of gases.—The results thus far 
obtained rest, it is true, on provisional data, which even now might 
be materially improved; they further depend on the supposition, 
not yet fully demonstrated, that, within the distances here con- 
sidered, there is no appreciable extinction of light in space, but 
they are, nevertheless, I think, the legitimate outcome of our data. 

For what follows I will now introduce some considerations 
borrowed from the kinetic theory of gases, the applicability of 
which to the stellar system might be considered doubtful. At 
all events I do not pretend to have demonstrated this applicability. 
The results which will be derived cannot lay claim to be demon- 
strably correct, but they seem to me to be so remarkable that, 
after a good deal of hesitation, I have resolved to publish them, in 
the hope that others, better versed in these matters, may furnish 
us with a more rigorous solution of the problem involved. 

Even though it has been shown, in the main by unpublished 
investigations, that the peculiar motions" of the stars with some 
crude approximation are Maxwellian, the stellar system cannot 
be treated as a gas at rest; first, because of the existence of stream- 


: Peculiar velocity is defined as the motion corrected for both the solar and stream- 
motion. The radial and transverse velocities agree in showing a certain excess of 
very large motions over the Maxwellian distribution. They are both represented 
satisfactozily by the sum of two Maxwellian distributions. A thorough separate treat- 
ment of all the spectral classes is still a great desideratum. 
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motion; second, because of the form of the equidensity surfaces, 
which is certainly different from that of the equipotential surfaces 
of the gravitational force. 

That they are different is proved by the fact, among others, 
that in general the forces are not normal to these surfaces. This is 
evident enough without further explanation. Moreover, itis clearly 
brought out by Table III, where the angle with the normal reaches 
values of more than 27°. Further it is well known that in a gas at 
rest under its own attraction, the equidensity surfaces are spherical. 

The system cannot therefore be in a steady state unless it has a 
systematic motion. Since the discovery of the star-streams it is 
clear that such a motion really exists and that it is parallel to the 
plane of the Milky Way. 

It seems rational, therefore, to assume that the system has a 
sort of rotational motion round the X-axis (see Fig. 1) which is 
directed toward the pole of the galaxy. The form of the equi- 
density surfaces found directly in Contribution No. 188 as well as 
that now adopted, strongly indicates some such motion. 

This being assumed, the stars along the axis will still have no 
other motion than their peculiar motions, which, as was just men- 
tioned, are Maxwellian, at least with some approximation. I ven- 
ture to assume, therefore, that the stars in the immediate neighbor- 
hood of this axis are arranged as the molecules of a gas in a quiescent 
atmosphere. 

if: 

A be the star-density (number of stars per cubic parsec); 

u one of the components of the peculiar velocity; 

n the acceleration produced by the attraction of a star of average 
mass at a distance of one parsec, then on the above assumption 


ome 


uw? being the average value of w?. 

The formula is analogous to that used for barometric determina- 
tions of altitude in an atmosphere of constant temperature through- 
out. On the other hand, we have found empirically formulae such 
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as (1) and (1a) (see also Contribution No. 188, p. 13 [21]); in other 
words, 
log A= —P-+Q log p—R(log p)> (p>), (9) 


from which, by differentiation 


dA _Q—2R log p oe. (io) 
A p 


Comparing the two expressions, (8) and (10), for 6A/A 
Gn= —i#| O28 Pee (p> po): (11) 


As the motions are supposed to be Maxwellian, the well-known 
formula used in the theory of least squares gives 


we =" (a). (x2) 


From observations of the radial velocities at the Lick Observa- 
tory, where no choice has been made on the basis of proper motion 
(Lick Observatory Bulletin, 6, 126), I derived the value* 


“= 10.3 km/sec. (13) 
or since 
1 kilometer=3.25X107*4 parsecs ean 
I parsec =3.08X10%3 kilometers 


I find, in the units parsec and second, here adopted, 


U =3.35 10773 (15) 
U=1.763 X10~75 (16) 

so that (11) becomes 
Gn= —1.763X 10-75 2A OEP (p> po) (17) 


Finally, for galactic latitude 90°, we obtain from equation (1) 
the values: 


Q=+4.890 R=+1.200 (18) 
— = 
a8 -O20F 4.229108 IXIOTN (p> 150), (19) 


t There is a mistake in the derivation of this value. The true value is certainly 
somewhat lower. From considerations given below I have not deemed it necessary 
for the present paper to repeat the computations with an improved value of 7. 
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For small values of p, formula (9) does not hold. According to 
Contribution No. 188, and particularly according to Contribution 
No. 220, it represents the observations excellently for values of p well 
beyond the maximum (which in the present case lies near p=110 
parsecs). For values of p below the maximum the density is 
nearly constant. The differential-quotient 6A/ép thus becomes 
very small and 6A/Aép very unreliable. In the present case it 
will probably be well not to rely on the formula below, say, 150 
parsecs. This limit was adopted in (19). 

I have computed the values of 7 from (19) both on the supposi- 
tion that G has the values found directly in Table ITI and that it has 
the values yielded by formula (3). The former were adopted 


(Table IV). 
TABLE IV 


VALUES OF y AND ™ 


Point p n Form. (3) n Adopted m (Sun=1) 
parsecs 
AWC ololtema ur eurde 198 TL aI 1O— 59 | TOV 210m so Pe 
BV5500) eaisracaese 413 8.9 10-30 9.0 10-30 2.0 
NLSOOYR asesecen ley eee LO aso Gain ORE 6 / 
WILT 000s. ee III4 6.6 10-30 6.8 10-30 TS 
D. Gaiohs ae aon ot 1660 OS eon ce 6.5) 10=3° iad, 


The quantity 7 is, as stated above, the acceleration per second, 
in parsecs, produced by the attraction of a star of average mass 
on a body at a distance of one parsec. The acceleration which the 
sun would produce, expressed in the same units, is 


Acceleration by sun=4.53X 107°. (20) 


This enables us to find the average mass m of a star expressed 
in the mass of the sun asa unit. The values of m thus found have 
been inserted in the last column of Table IV. 

These values agree surprisingly well with what has been found 
by totally different considerations. In a recent paper’ Jackson 


and Furner find for visual binary stars, as the best average 
I 
a= = 0.855. 
V mbm, ae 


* Monthly Notices, 81, 4, 1920. 


76 


Se 


THE SIDEREAL SYSTEM 13 


Consequently m,+-m,=1.60, which agrees with Table IV if we 
suppose that the combined mass of the two components and not 
that of a single component is comparable with the mass of a single 
star, and especially if we further consider that there are theoretical 
grounds for expecting that the average mass will decrease for 
increasing distance.* 

Remark. Dark matter. It is important to note that what 
has here been determined is the total mass within a definite volume, 
divided by the number of luminous stars. I will call this mass 
the average effective mass of the stars. It has been possible to 
include the luminous stars completely owing to the assumption that 
at present we know the luminosity-curve over so large a part of 
its course that further extrapolation seems allowable. 

Now suppose that in a volume of space containing / luminous 
stars there be dark matter with an aggregate mass equal to K/ aver- 
age luminous stars; then, evidently the effective mass equals 
(/+-K) Xaverage mass of a luminous star. 

We therefore have the means of estimating the mass of dark 
matter in the universe. As matters stand at present it appears 
at once that this mass cannot be excessive. If it were otherwise, 
the average mass as derived from binary stars would have been 
very much lower than what has been found for the effective 
mass. 

7. Angular velocities (w) in the plane of the galaxy.—Ignoring 
for an instant the fact that the stars in the Milky Way cannot be 
systematically at rest and treating the stars near this plane in the 
same way as those near the axis, I am led by a formula analogous to 
(x7) to values of n which are not quite half those given in Table IV. 
I suppose that the difference must be wholly due to the centrifugal 
force induced by the rotational motions. In fact, I assume that 
the average mass is the same throughout the whole system, at least 
for points on the same equidensity surface. 

If, therefore, p and p’ represent the distances from the center, 
of two points on the same equidensity surface, the first in the direc- 
tion of the Pole, the second in the Milky Way, for which points 


1 Jeans, Problems of Cosmogony and Stellar Dynamics (1919), P. 239. 
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the total attractive forces of the system are respectively G and G’, 
formula (11) gives 


For the Pole Gn=—v guens8 e ; (21) 


Q’/—2R’ log p’ 
p 


For the Milky Way G’n—p'w?=—? ; (22) 
where w represents the angular velocity for the point in the Milky 
Way, and Q’ and R’ the constants of equation (9) for that same 
plane. The two equations determine 7 andw. The equation for 
the latter is 

42 G’ fone log p’ Q-—2R log | oa 


w= + 4? 
p’ G'p’ Gp 


in which, for u? see (16); for G’ and G see Table V; and for Q and R 
see (18), and where finally, by comparing (9) and (1), 


Q’= 2.368 and R’=0. 593 (24) 


The maximum of A according to formula (g) lies, for the Milky 
Way at about p= 100, for the direction toward the Pole at p=110. 
As has been mentioned, the formula ceases to be correct below these 
values. I assume, as before, that the limit of validity is p=150. 

8. Angular velocity for stars not in the galaxy.—For the regions 
not in galactic latitudes o° or 90° I determine the angular velocity 
by the condition that the resultant of the attractive and centrifugal 
forces must be at right angles to the equidensity surfaces. 

In order that the system may be in the steady state, I assume 
that the equidensity surfaces are at the same time equipotential 
surfaces for the resultant of the attractive and centrifugal forces. 
The above condition is implied in this assumption. 

Since ; 

X component of resultant acceleration= —X7, 
Y component of resultant acceleration= —Yn+ fw, 


and since yw is the angle between the normal and the X-axis, the 
equation for w is 


Bu’— Xy=—Xn tany, 
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which becomes slightly more convenient by writing 
X=G cos $ Y=G sin ¢. 
Whence J 
,_ G7 sin (¢—y) 
eB cos iad (25) 
For the points in Table V, é—w and y were taken from Table III. 
The computation was made with the aid of formulae (23) and (25). 


TABLE V 
VALUES OF w? 


Point oo Point w? Point w? 
Liyo:.| O.£757 <ro—se II, 30°. .| 0.4066 X 10-30 II, 57°1..|0.4132X10—30 
IV,0.} .09g02 10-30 IN solie BOA HORE |T UN Rosell CORRS sie) 
Wistar s.02175) TO— 3° Visor |) ee L25 55 TO = SOnl|meV Los 7s tenet COOMETO 
WPL Ont Ol237" 7£O—S°LUV AD 300. | C083. eTOms° VIL, S77. Dal OOAO MELO 
Des .CO5I0 10-30 300 O30 me tO m0 ae tle | O5 OS MELO 


For these same points I have furthermore computed the linear 
velocities in kilometers per second. They are in Table VI. 


TABLE VI 
LINEAR VELOCITIES 
Point 8B Bo Point a B Bu Point a B Bw 
km/sec. km/sec km/sec 

II, 0°. .| roro 13.0 II, 30 187 325 4 TE S75 196) || 727 152.5 

IV,0..]| 2106 #9 5 » 30 391 677 | 10.4 IV,57.1| 410] 265 | 4.4 

Vino ant 3657 aE VI, 30. | 679 | 1176 | 12.8 (13.1)|| VI,57.1} 711} 460] 5.7 (6.3) 
VIII, o ..| 5675 Pn 4 VIIL, 30. | 1055 | 1827 | 14.7 (15.7) VIIt, 57.1| 1105 715 | 6.8 (9.1) 

X,0..} 8465 18.6 xe 30. | 1572 | 2733 | 16.3 (17-9) X,57.1| 1647 | 1066 | 7.8 (11.1) 


9. Explanation of star-streaming.—According to these numbers 
the angular velocity is not the same for the same distance 6 from 
the axis at different distances a from the plane of the Milky Way. 
Further on I will explain why the present solution must necessarily 
bea very crudeone. For this reason I am not prepared to maintain 
the reality of this difference. On the contrary it seems very possible 
that a more definite solution will finally lead to the conclusion that 
all the points on a cylinder around the axis of the system move with 
the same velocity. In fact, if we base our solution on the equi- 
density surfaces as really derived from the observations,’ instead 


I Mi. Wilson Contr., No. 188; Astrophysical Journal, 52, 23, 1920. 
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of assuming similar ellipsoids, we approach at once much closer to 
this state of affairs. ‘The numbers in parentheses in Table VI give 
rough estimates of Bw based on this supposition. In the absence 
of a more definite solution I will confine myself mainly to points 
in the plane of the Milky Way, the motions of which, except for 
small values of 8, seem to be somewhat better determined. 

The most striking feature brought out by these numbers is 
undoubtedly the fact that at distances from the axis exceeding 
2000 parsecs the linear velocity of the stars is nearly constant, 
the average being 19.5 km/sec.; that is, the great bulk of the 
stars must have a motion of 19.5 km in a direction parallel to the 
plane of the Milky Way. Observation has already proved that 
there really exists a systematic motion of the stars, that it is exactly 
parallel to the plane of the Milky Way, and that the motion takes 
place in two exactly opposite directions, the two streams having a 
relative velocity of about 


40 km/per sec. (26) 


Since in the preceding theory the motion is introduced simply 
to explain certain centrifugal forces, it is at once evident that it 
supposes nothing about the direction in which the motion takes 
place. Nothing prevents us from assuming that part of the stars 
circulate one way, while the rest move in the opposite direction. 
The relative motion of the two groups will then evidently be 


2X19.5=39 km/sec. (27) 


The motion to which our theory leads, besides being in the 
same plane, has therefore practically the exact value which from 
observation is known to exist. In fact we are led in the most 
direct and natural way to a complete explanation of the phenomenon 
of star-streaming. The circumstance that observation led us to 
assume two rectilinear streams, whereas we here find the motion 
to be circular, is probably unimportant. It is of course infinitely 
probable that the sun must be at a certain distance trom the center 
of the system. If we suppose it to be at the point S (see Fig. 1) 
then the star-streams are derived from the observed motions of 
stars within a volume whose dimensions are of the order of those 
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of the sphere around S shown in the figure. As long as the radius 
of this sphere is small in comparison with the distance of S from 
the center, the curvature of the stream-lines must be inappreciable. 

When we consider that the value (27) has been obtained by a 
study of the arrangement of stars in space, in which the proper 
motions play no other part than that of a criterion of distance, 
while the value (26) has been obtained by a study of the motions 
themselves, both radial and transverse, the close agreement of the 
two results seems very significant. It becomes more so through 
the fact that both theories yield a motion exactly parallel to the 
plane of the Milky Way. Further, if we take into account the 
fact that the present theory leads to a value for the average mass of 
the stars which is in close accordance with what has also been 
found from utterly different investigations, and if we add a final 
point, namely, the natural explanation of the different arrange- 
ment of the stars of different spectral types, we are led irresistibly 
to the following conclusion: 

The theory here propounded, though it may require considerable 
modification on account of its defectiveness both as to observa- 
tional basis and mathematical treatment is probably correct in its 
main features. 

The last point mentioned, which is open to quantitative veri- 
fication, requires further investigation, but even now promises to be 
no less significant than the others. It is referred to again in 
section 14 below. 

10. Accelerations including centrifugal effect.—lf with the aid 
of Table V we now add the acceleration due to the centrifugal 
forces to that produced by the attractive force, the resultant will 
be in the direction of the normal. We find the results in Table VII. 


TABLE VII 
ACCELERATION, INCLUDING EFFECT OF CENTRIFUGAL FORCE 

Point Gn Point Gn Point Gn Point Gn GPole/Emw 

TI, 0°. .}208 XK 10-3° II, 30°. . |508 X 10-3 Il, 57°1.|547 X10-% II, 90°. . |553 X 10-3 2.7 

IV = ee is ae IV, a5 --/405 10-3 IV,57.1.|577 10-# || IV,90..|593 10-% 4.5 

VLo.. 90 10-30 VI, 30...|367 1o-% || VI,57.1.|458 10-% || VI,90..|480 10-% 5.3 
WAT, of: 65 10-8 ||VIII, 30 ..|268 1o-% ||VIII,57.1./359 10-% VIII, 90 ../384 10-30 5.9 

xo o..| 48 10-3 X, 30../193 10-# X,57.1.|277 10-3 X,90..|/302 r0-3 6.3 
A IE ee ee ee 


° 


v 90° 3°49" 1°25" S 
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t1a. Velocity of escape-—Assuming formula (3) to be valid for 
all distances, I find for the velocity of escape of a star near the 
center of the system 


In the Milky Way 104 km/ pe (28) 
In the direction of Pole 98 km/sec. 


As a matter of convenience I used for this computation the 
constant value 

n=7.5xXI10—%° (29) 

11b. Velocity compared with circular velocity —The velocity of a 

star which moves in the plane of the Milky Way in a circular orbit 
is determined by the formula 

Vi=GnB. (30) 

If for the point IT, 0° we take 7 = 10.2 X107%°, and for the others 

the value (29), we obtain the results in Table VIII. The linear 

velocities Bw are thus seen to be well below the critical velocity V,. 


TABLE VIII 
LINEAR AND CIRCULAR VELOCITIES IN PLANE OF Mirxy Way 


Point B G Bw Table VI V; 
km/sec km/sec 

LL SOnaetge coterie Io10 37.76 13.0 19.2 
VER Oster tareyseitate vn renee 2106 BB oGh: 19.5 23.1 
MI Ooi tac omteien coer es 3656 Dio Gps 20.1 26.8 
VILL OG aria ener 5675 20.12 19.4 28.5 
SiO gues cnnanetia ene eer 8465 13.53 18.6 28.5 


12. Defects of solution.—The way in which the values w have 
been determined has made the resultant of gravitational and 
centrifugal forces perpendicular to the equidensity surfaces. In 
order that the surfaces may be really equipotential there is, how- 
ever, a second condition to be satisfied, viz,, that for points on the 
same surface the total force shall be inversely as the distance of two 
consecutive surfaces. ‘This condition is mot satisfied. The differ- 
ence is shown, in its most extreme form, in the last column of Table 
VII, which, for the points in the Milky Way and in the direction 
of the Pole, situated on the same ellipsoid, shows the quotient 

Force at Pole 


Force in Milky Way (including centrifugal force) * 
82 


(31) 
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It the equidensity surfaces were really accurately represented 
by concentric similar ellipsoids, similarly situated, as assumed thus 
far, this quotient in every case would be 5.1. In reality this is 
far from being so. ; 

There are certain facts indicating that actually the equidensity 
surfaces cannot be similar ellipsoids as hitherto supposed in this 
article. It is a well-known fact* that the stars of large proper 
motion show no concentration toward the Milky Way, but are dis- 
tributed over the various galactic latitudes with very approximate 
uniformity. The meaning of this can hardly be other than that the 
equidensity surfaces for the smaller distances are spherical. The 
equipotential surfaces of the gravitational and centrifugal forces, 
in order to coincide with the equidensity surfaces, therefore must 
also be spherical for vanishing distances; hence the quotient (31) 
must approach 1.00. Now this is just what the values of the 
quotient given in Table VII do. The change in these values is 
therefore an encouragement toward an attempt at an improved 
theory rather than otherwise. 

13. Position of the sun relative to the center of the system.—Before 
such an attempt can be made with any hope of success it will be 
necessary, however, to free the data from several imperfections. 
Foremost among these is the imperfection in the adopted position 
of thesun. The data used in what precedes rest on the assumption 
that the sun is at the center. It seems infinitely improbable that 
this should be the case. Our theory, crude though it necessarily 
must be, paves the way for overcoming this difficulty: 

First, as seen from the sun, the center of the system must lie 
in a plane at right angles to the true stream-motion. Adopting 
for the vertex of the relative motion of the two streams a=6517™, 
6=-+11°9, or gal. long. =167°, gal. lat. =0°, we find that the center, 
as seen from the sun, must lie in gal. long. 77° or 257°. . 

Second, nearly all astronomers who have dealt with the question, 
though from a very different point of view, agree in assuming for the 
center a southerly galactic latitude.’ 


«See for instance in Verslag. Kon. Ak. v. Wetensch., Amsterdam, April, 1893, 
p. 137 (128). 

2 For instance, Struve, Etudes d’Astronomie Stellaire, pp. 61-62; Kapteyn, Kon. 
Ak. Amsterd., April, 1893, p.137; Hertzsprung, A stronomische Nachrichten, 196, 207,1914. 
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Third, Hertzsprung* from Cepheid variables finds the sun to 
be 38 parsecs north of the central plane of the Milky Way. 

Fourth, the most difficult question probably will be that of the 
distance of the sun from the center. Still I think we can indicate 
a method which promises well. 

For a first approximation, I start from the supposition, for 
want of a better one, that, even for the smaller distances, the true 
densities are as found in Contribution No. 188, which were derived 
on the basis of the erroneous assumption that the sun is the center. 
Further, for the moment, I will neglect the distance of the sun 
from the central plane of the Milky Way, which seems to be small. 


Fic. 2 


In Figure 2, S represents the sun, C the center, and CS=¥y, the 
required distance. Let A, represent the true star density at the 
distance p from the center. Now that we give up the erroneous 
supposition made in Contribution No. 188 and the present paper, 
we must consider the meaning of the densities given in Table VI 
of Contribution No. 188. What this table gives for a specified 
value of a (see Fig. 2) is in fact A’, the average of the true densities 
at all points along the circumference PAQ around S with the 
radius a. This average will probably be not very different from 
the mean of the true densities at the points P and Q, and for the 
present, since our aim is only to arrive at a rough approximation, 
we will assume that it is exactly the case. Therefore, A being the 


true density, 
Ag=3(Ay—otAy4a) if ae 
Ag=3(Ap—ytAszy) if y>od 
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If now, as a first approximation, we take as the true densities 
those obtained by formula (1) and assume in succession y= 1500, 
1000, and 500 parsecs, we find values of A’ corresponding to differ- 
ent values of a as given in Table IX. 

Such a table then, or something like it, would have been 
obtained, instead of Table VI (lat.=0°) of Contribution No. 188, 
if the center were actually at a distance y from the sun. Thus, if 
y were indeed 1500 parsecs, the considerations of Contribution 
No. 188 would have led to densities which, from distance zero up 
to distance somewhere near 1500 parsecs, would have increased. 
For y=1000 we should still have found an initial increase, and 


TABLE Ix 
VALUES OF A’ 


y in Parsecs 
arecs 

I500 1000 500 

OMS er siecaistarsssie es estiaeiatei viens 0.25 0.40 0.73 
DIAC ice, Oty © OR EERE TO 26 “45 865 

‘Sian, See Ge Cac Ce a ene ee 29 -49 7° 

OOO EIT nie ciaisic ie oe care\ eee 43 59 49 

BOOM iiss alsa iar Aminaare can 55 43 29 

RSEDs ys Sy OD OO ee 30 245 19 

PROC Mette nikal Aaiei'csiaae Sayers ea ate I45 IIS 10 
SSS 2 Salah MeO Oe OT CEB 079 062 055 
ROOOMMMMI Neel Norcitc cro acne: 0.044 0.039 ©.035 


even for y=500 the same would have held. In this last case, 
however, the increase would have been so small that it might well 
have been overlooked owing to the errors of observation. Since in 
reality the observations lead to a regular decrease of the density 
throughout, I think we must conclude that y cannot have as high 
a value as 1500 or even 1000 parsecs. As an upper limit, we may 
take 
y<700 parsecs. (33) 
We can also find a lower limit from the condition that the 
relative velocity of the two star-streams must not deviate greatly 
from the value of 40 km/sec. derived from observation. 
In the neighborhood of the sun the linear rotatory motion of 
the system, that is, one-half the relative velocity of the star-streams, 


is yw. 
y 8s 
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If this velocity exceeded the circular velocity of a star at 
distance y from the center moving under the attraction of the whole 
system, the system certainly would not beinasteady state. Hence, 
on the assumption of a steady state, 


yo<Ve, (34) 
or by formula (30) 


yo Gny . (35) 


Assuming that inside ellipsoid II, 7 has everywhere the constant 
value 10.2 X107%°, we thus find, expressing results in kilometers, 
for 


‘y= 1000 parsecs yo<19.1 km/sec. 
700 parsecs, <18.2 km/sec. 
500 parsecs <16.5 km/sec. 


If, therefore, we admit that 2yw, the relative stream-velocity, 
cannot well be below 35 km/sec., we obtain as a lower limit 


y> 600 parsecs (36) 
The two limits (33) and (36) yield, as a first approximation, 
y= 650 parsecs (37) 


All these results agree fairly well in locating the center, as 
seen from the sun, at 


Gal. long. 77° or a= 2310" 
Gal. lat. —3° 6=+57° (38) 
Distance projected on galactic plane =650 parsecs ne 


Distance projected at right angles to that plane = 38 parsecs 


The principal remaining uncertainty is perhaps that for the 
galactic longitude, which instead of 77° might be 257°. Personally 
I am strongly in favor of adopting the former value, which is in 
good accordance with the investigations of Herschel, Struve, and 
myself already quoted. My own result! was 


a=o", §=+42°. 


The determination (38) lays claim to no accuracy. To improve 
it, it will be necessary to carry through a second, and perhaps a 
third and fourth, approximation, for the determination of the 
t Verslag. Kon. Akad. Amsterdam, January, 1803, p. 129. 
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lower limit of y; besides, I think we may still improve or corroborate 
the values of the distance of the sun from the galactic plane.t 
Altogether, the location of the center would seem to be a laborious 
problem rather than one of great difficulty. 

There is, moreover, the possibility of a direct determination. 
Given sufficient data on numbers of stars and proper motions 
for the regions around galactic latitude o° and longitudes 77° and 
257°, there would be no difficulty in deriving separately the star- 
densities at different distances from the sun in these regions. If 
there is truth in the above theory, these densities must increase 
with the distance up to distance y, in the direction toward the 
center, whereas in the opposite direction they must decrease with 
increasing distance. The two solutions together must yield a 
rather crucial test of the whole theory. 

14. Further defects. Separate treatment of the different spectral 
types.—There are several further defects in the solution of the 
present paper. I will enumerate those that occur to me: 

a) In the investigation on which the present paper is based 
the average parallax, as a function of magnitude and proper motion, 
has been taken from Groningen Publication, No. 8. At the 
present moment we have already available, though not yet pub- 
lished, much improved values, especially for the very small proper 
motions. 

b) The value of w? is not the very best that could have been 
obtained. 

c) The values of G in Table III have been computed on the 
supposition that the average mass of a star is independent of the 
distance, whereas later, in section 8, it was found that this is not 
the case. 

d) In this same computation for G, it was further assumed that 
the attraction of the whole of the system outside ellipsoid X 
on an internal point is zero. Though reasons were given for 
admitting that this attraction is small, it may not be negligible. 
Since according to what precedes it is highly improbable that the 


t Furthermore the distance of the center from the sun, as here found, is so small 
that, if special attention is given to the matter, it may not be hopeless to get evidence 
of the curvature of the stream-lines, particularly for the rather distant stars (faint 
stars having small proper motion). 
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equidensity surfaces within X, as well as without, are really similar 
ellipsoids, the whole computation for G will have to be revised in 
a more definitive treatment. 

e) The present solution is for all the stars together, that is, for a 
very heterogeneous collection of stars. 

Only the last point is of fundamental importance, and I will 
devote a few lines to it. Just as in the higher, very attenuated 
parts of an atmosphere, where the molecular encounters become 
relatively rare and the different gases are, as it were, sorted out, so 
among the stars we must expect that the different spectral classes 
will show different arrangements in space, owing to the different 
values of uv? and (mass) peculiar to these classes. The two cases 
are not identical, owing to the stream-motion in the stellar system, 
which is not supposed to exist in the atmosphere. Still there must 
be analogy. So, to take an extreme example, if there exists a class 
of stars for which w is zero, these stars, according to the present 
theory, would be confined exclusively to the central plane of the 
galaxy. For evidently a star not in that plane could not have pure 
stream-motion; that is, it could not move in a perfect circle around 
the axis and perpendicular to it, because the attractive force of the 
system on such a point does not lie in that plane. Therefore it 
would necessarily have a peculiar motion. 

This simple consideration makes us understand at once the 
otherwise astonishing fact that the Wolf-Rayet stars lie with such 
close approximation in the central plane of the Milky Way. In 
the present theory this means simply that they can have no other 
than pure stream-motion (possibly with some peculiar motion in 
the plane of the Milky Way'). We thus realize that for the 
several classes of spectra there must be a very intimate connection 
between the values of u? and 7 on the one hand, and the well-known 
differences in concentration toward the galaxy on the other. 

Such considerations show that for the totality ‘all stars 
together” the value of w will doubtless change with the position in 
space and in particular with the distance of the stars from the plane 


*It is noteworthy that, provided the peculiar motion in the Milky Way is also 
zero (as it must be when the Maxwellian distribution holds for this limiting case), the 
parallax of these stars becomes a pure function of the linear velocity, that is, of the 
quotient, radial velocity divided by sin \, \ being the angular distance, star-apex. 
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of the Milky Way. The present investigation, therefore, suffers 
from the defect that this circumstance was neglected, w? having been 
taken the same for the whole of the system. I think that this 
shows sufficiently the absolute necessity of treating the different 
spectral classes separately. 

For such a treatment the necessary data are not yet available, 
or at least not available in a satisfactory form. Fortunately, 
however, there exist at present instruments capable of dealing 
successfully with difficulties which, not so long ago, would have been 
insurmountable. With their aid we may hope to obtain material 
for several spectral classes separately, little or not at all inferior 
to what has already been obtained for the stars as a whole. I 
think that the determination of the spectral class for some 1000 
stars of magnitudes 11 to 12, well distributed over the sky and for 
which the proper motion is either already sufficiently well known, 
or may be determined by taking a few additional photographic 
plates, will go far toward supplying us with what is so urgently 
wanted. 

APPENDIX 


Formulae for the computation of the attraction of a homogeneous 
revolution ellipsoid, of unit density (1 star per cubic parsec), on 
an exterior point. 

Take the axis of revolution as X-axis and let the xy-plane 
contain the attracted point whose co-ordinates are a and 8. Let 
A and B be the axes of the ellipsoid, the first coinciding with the 
axis of revolution, and let X and Y represent the components of the 
required attraction, Z being zero. Then from the well-known 
formulae,’ if we put 


w= (4) =x (i) 
cH) » 
paras, @ 


t [ have used the formulae as given by Duhamel, Cours de mécanique, V, 1, pp. 321 
and 318. 
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where, if a=o, A’ is obtained from 
A'=V B—A™? (m) 
and if B=o, from 
A’=a,. (n) 
For other values of a and 8 we may write 
el Bt 
ee Bint BH3 (0) 
a 
. W= NF (?) 
A’ eae 
(4)'--HV Ete (g) 
With these auxiliary quantities we find 
X=—aK¢ (P), (r) 
Y=—BKo (p), (s) 


in which ¢() and w(), or rather their logarithms, have been 
tabulated in Table X by means of the formulae 


o(p)=2|p—arc tan p] (#) 
w(p)=are tan aes (4) 
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TABLE X 


VALUES OF Loc ¢ (~) AND Loc w (pf) AccorDING To FoRMULAE (#) AND (w) 


J 


? Log ¢ Log w p Log ¢ Log w P Log ¢ Log w 
Q2000 on <<". —2 5.920% | 5.920-% |] 0.5....... 8.861—% | 8.804—%0 
Post 0.824-% | o 6.157 6.156 O.Gieuntns 9.076 8.007 
ent 1.727 I 6.358 6.357 Onn areas 9.252 9.149 
3 2.255 2 6.531 6.530 On Sinus 9.399 9.272 
4 2.630 2 6.685 6.682 O.Dlve xnienie 9.524 9.372 
Waa 2.921 2 6.821 6.819 EcOk Seeks 9.633 9.455 
Ooms 3.158 3.158 De EA 6.045 6.942 <i 9.728 9.525 
PEP 3.359 3-350 2s Sess 7.058 7.054 I 9.812 9.585 
Sirs 3-533 3-533 TS ecru 7.161 7.157 Te 9.886 9.635 
Ox 3.687 3.687 > Oe 7.287 7.252 A 9.954 9.679 
a es 3.824 3.824 Phencs ss 7.346 7.341 ry 0.015 9.717 
II 3.948 3.948 TOe avert 7.430 7.423 Le 0.070 9.750 
i eae 4.001 4.001 Cee 7.508 7.500 Ve 0.121 9.780 
: a 4.166 4.166 TS a oks 7.581 787 rs 0.168 9.806 
Sec 5 4.262 4.262 TO ssicens 7.051 7.6042 ae 0.211 9.828 
dot See 4.352 4.352 20: Olean 7.717 7.707 2. 0.252 9.850 
TOS rox « 4.436 4.436 UF sesh 7.779 7.768 2. 0.289 9.869 
(eae 4.515 4.515 OT re 7.839 9.827 2. 0.325 9.885 
rn 4.590 4.590 Be ews wh 7.806 7.882 an 0.358 9.900 
BO wits a0 4.660 4.660 ye 7.950 7.935 2. 0.389 9.914 
BO a aie 4.727 4.727 Bevicienic 8.002 7.986 2. 0.418 9.927 
BE. phic 4.790 4.790 BO olah ars 8.052 8.035 2. 0.446 9.939 
CV 4.851 4.851 sy fee ACR 8.100 8.081 2. 0.472 9-950 
a 4.909 4.909 aS uae 8.146 8.126 Bie 0.407 9.900 , 
24. 4.964 4.904 Wiewbense 8.190 8.169 2. 0.521 9.969 
ae 5.018 5.017 Bon cane 8.233 8.210 St 0.544 9.977 
360... 5.069 5.068 -274 8.250 a 0.566 9.985 
27 5.118 5.118 -314 8.288 Cie 0.587 9.993 
BB cas... 5.165 5.165 -352 8.325 a 0.607 ©.000 
20.25: 5.211 5.211 +390 8.361 Bi 0.626 0.006 
BOs « S255 5.255 .426 8.306 Bo 0.645 0.012 
31 5.208 5.207 Boz weiss 8.461 8.420 Bec 0.663 0.018 
32 5.339 5.339 EV Potion 8.495 8.461 3 0.680 0.023 
ee 5.379 5-379 Bo eens 8.528 8.403 sta 0.697 0.028 
BAe is% 6 5.418 5.418 BG sersibisis 8.560 8.523 ee 0.713 0.033 
ce 5.456 5-455 BOs coe: 8.501 8.552 4. 0.728 0.038 
iene or -402 5.402 El ecieeie'> 8.621 8.581 4. °.743 0.042 
ay Becce ss ait 5.528 he Nore losaps 8.651 8.609 4. 0.758 0.046 
ARI tier ae 5.563 5.503 ABs eels 8.680 8.635 4. 0.772 0.050 
BG alates 5.597 5-596 BBs areseia's 8.707 8.662 4. 0.786 0.054 
AOvvan, on 5.630 5.629 AST tea sss 8.735 8.687 4. ©.799 0.057 
Reaeyeia 3 5.662 5.661 BG rerdcicre 8.761 8.712 4. 0,812 0.060 
ie Rerinavs 5.693 5.693 A aevetiters 8.787 8.736 4. 0.825 0.064 
Asia ss 5.724 5.723 AS ree: 8.813 8.759 4. 0.837 0.067 
?? ee 5.754 5.753 AOwyshe 8.837 8.782 4. 0.849 0.070 
AS es tiss 5.783 5.782 Oe SO us viet 8.861 8.804 Be 0.861 0.072 
5.812 5.811 
5.840 5.839 
5.867 5.866 
5.894 5.803 
5.920 5.920 
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EFFECTIVE WAVE-LENGTHS OF 129 STARS WITHIN 0°5 
OF THE NORTH POLE AND OF THE 2 COM- 
PANION OF POLARIS 


By EJNAR HERTZSPRUNG 


ABSTRACT 


Effective wave-lengths, color indices, and magnitudes of 129 stars within 0°5 of the 
North Pole-—The results of measurements of about 500 images on 12 plates (Lumiére 2) 
taken in 1912 with the 60-inch reflector and a grating whose constant was 6 mm, are 
given in Table Ii. In determining the effective wave-length \,g, corrections were 


made (1) for diameters differing from the normal diameter 0.10 mm and (2) to reduce 
to zenith transmission. For each star the effective color index J. » was obtained from 


Neg by use of the formula: I, =0.005(\.g—4216 A) =19.721(A,g—1.069 mm). The 
star, Harvard Annals, 48, No. 85, is probably wrongly included in the series of red 
stars of the North Polar Sequence. For the © companion to Polaris, I, was found 


equal to ++-o.11+0.07, which corresponds to a spectrum of type Ao to As. 
Relation between effective color-index and the color-index of Seares——For 76 stars 
both J, and Iysq (the difference between photovisual and photographic magnitudes) 


were available for comparison. It was found that I, =(0.90*0.05)I ypy— (0.100.905), 


a very satisfactory result. 
Relation between photographic magnitude and diameter of image was found to be: 
m= Const.—34¢d+35d?, for d between 0.05 and 0.30 mm. 


During my stay at Mount Wilson in 1912 the plates of the 
North Polar region listed in Table I were taken with the 60-inch 
reflector for the determination of effective wave-lengths.* Lumiére 
> plates were used. The focal length of the instrument is 7606 mm 
and the grating constant was exactly 6 mm. 

The co-ordinates of the center of the field are given in the system 
of Harvard Annals, 48, 21, Table VI, sixteenth and seventeenth 
columns. The efficiency of each plate is indicated by the photo- 
graphic magnitude of stars whose central image has a diameter of 
one-tenth of a millimeter. The total number of images measured 
is somewhat greater than that used in the present note because 
some stars showing only very faint images were finally rejected. 
The effective wave-lengths of hazy images were given half-weight. 
The mean weight-factor of a plate, which is given in the last column 


Compare Mt. Wilson Contr., Nos. 100, tor; Astrophysical Journal, 42, 92, 111, 
IQ1S. 
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of Table I, may therefore be taken as a measure of the mean quality 
of the images. The quality 0.50 thus means that all images of the 
plate were given half-weight. 


TABLE I 


PHOTOGRAPHS OF THE NorTH POLE 


Sidereal Co-ordinates of Num- 
i Expo- . 5 
- t Center of Field . ber of | Quality 
Plate Date ~~ ete SUITE) vac) Venere meas ek es Images| of 
© noae (inches)| of Expo- Time ot flate | Meas- | Images 
(min.) 
sure x y ured 

nee July to 60 20h 5™ | 60 —480" |+ 70” 14™8 32 0.64 

; ae Nee clateienenare 40 22 23 05 —520 + 930 14.6 108 7O 
EE PR lie Pear 40 23 26 90.5 me + 50 12.0 15 83 
ROWE Rcots July 20 40 2m. 9:5) ae + 50 oe) 29 83 
Eder onee lord acieseee 40 22 36 95 —190 + 50 14.6 I12 69 
I4 July 21 40 18 16 Bis + 10 +140 13.3 44 -50 
i Ua [aie mene cn Pan one 40 I9 15 30 es We + 90 13.7 34 -56 

10, 5 —60,+20 12.7,11.7 

EO oes siliecaalarer ae ae 40 IQ 53 705} ee) + 60 10.7, 9.7f 27 a52 
DG caster Wontiatce wee steers 60 21 48 60 —200 + 30 14.9 23 -50 
204 September 14 40 2h}! 6 —120 — 10 11.6 I4 79 
BOR As del aeiereene estas 40 2I 43 60 — 80 — 50 13.8 44 56 
BOO Se Wielka cumensereneae tere 40 22 29 19 — 60 — 70 12.7 29 0.83 


The diameter of the field measured was 1150” when the full 
aperture was used, and 2500” when the mirror was diaphragmed 
down to 4o inches. The plates were measured and reduced at 
Potsdam. At the same time a series of plates of the Pleiades has 
been discussed, which afford 9972 effective wave-lengths. This 
last material has been used for a more thorough determination of 
the variation of the effective wave-length with the intensity of the 
image. The effective wave-lengths were measured in millimeters 
by moving the plateholder with a micrometer screw and reading 
to 3. The diameter of the central image of the star was taken 
as a measure of the intensity of the spectra of first order. As 
normal strength that shown when the diameter of the central 
image is 0.1mm or 100 4 was chosen. For other diameters of 


the central image the following corrections to the normal diameter 
were found: 


Diameter of central imaged= 0.05 0.06 0.07 0.08 0.09 O.1Oomm 
Correction to d=o.10 mm +13 +10 +7 +4 +2 +on 


0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19—0.24 mm 
Tg TeSys eS i Ola af — 7h 
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No conspicuous difference in the corrections for stars of different 
effective wave-lengths was noted. 

These corrections were also used in reducing the effective wave- 
lengths given in the present note. The correction required to 
reduce the effective wave-lengths to the zenith owing to selective 
extinction of light in the earth’s atmosphere amounts to —23 A 
or —6u for the North Polar region as seen from Mount Wilson. 

To convert the effective wave-lengths expressed in millimeters 
into Angstrom units they must be multiplied by 3944.2. It will be 
more convenient for comparison with determinations of the differ- 
ence between photographic and visual magnitudes, however, to 
transform the effective wave-length measured in mm directly into 
the equivalent values of color index. 

I have found that a difference of 1™ in the color index in the 
system of Jy of the Gottingen Actinometry, Part B, corresponds 
nearly to a difference of 200 A in the effective wave-length. By 
adopting this and comparing the color indices [yg of stars occurring 
in the Gottingen Actinometry with their effective wave-lengths on 
other plates taken with the 6o-inch reflector it was found that 
Iy=o corresponds to an effective wave-length of 1.069 mm or 
4216 A. Hence, indicating the color index calculated from the 
effective wave-length by J,, we have 


Ty=shp(Ner—4216 A) =19.721(Xeg—1 .069 mm) 


The accuracy of the effective wave-length varies with the 
intensity of the image. Different weights were therefore assigned 
to the effective wave-lengths, according to the diameter of the 
central image. These weights were decreased for images which 
were not of normal strength, because of the uncertainty of the 
reduction of the effective wave-length to d=o.10 mm, which may 
vary with the quality of the image. The following weights of J, 
were finally adopted for different values of the diameter d of the 
central image. 
d= 0.05 0.06 0.07 0.08 0.09 0.10 O.1I 0.12 0.13 mm 
a/ N30) =1/(m.e.)? 2 4 SES) 92S so eS Omens S 

0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24mm 


52 44 36 28 22 16 12 8 6 4 2 
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For example, for d=o.19 mm, the adopted weight is 16, corre- 
sponding to a mean error in the color index J, of = V 1/16=+0.2 5, 
As stated above, for bad (hazy) images these weights were 
divided by 2. In fact the North Polar plates here employed are 
perhaps the poorest I took at Mount Wilson. 

The results are given in Table II. The first column contains 
the number of the star taken from the Harvard Annals, 48, 21, 
Table VI, and the second, the number of the North Polar sequence. 
The third column gives the photographic magnitude as derived 
from my estimates of the diameter of the central image. These 
magnitudes, according to which the stars have been arranged in 
the table, are only approximate. No correction for distance from 
the center of the field has been applied. The scale of Seares' was 
taken as a standard. The following relation between magnitude 
and diameter d of the central image was found. 


= 0.04 0.05 0.06 0.07 0.08 0.09 mm 
m-+plate constant = TOVOMsES SOM EE SO EG Sense mm E AO) 
0,10, (ONET) 0.12) (O113— Ont4 gO. TS Os LON O. 1 7as Ont Sm OnLORIET 
1410. 14.305 TAsO" 1305p 3) Omens 3 met 3 cane 0.0 ee 2 me a 
©. 20) (02-21) 10122710235 On24 On 2 On 20) a0 27m On 2 Sm On Omnia 
1252) 120-11, OO itt On tl Sa Dieta tye OnE LOO mmETON 7 


The fourth column contains the color index J, as derived from 
the effective wave-length, and the fifth column, its weight, i.e., 
the reciprocal square of the mean error. The sum of the weights 
of J, for all 129 stars is 10,281. The sixth column gives the number 
of images used, respectively, for the estimation of magnitude and 
for the determination of effective wage-length. 

Of special interest is a comparison of J, with the color index of 
Seares’ which is defined as the difference between the photographic 
and the photovisual magnitude 


Iuw=mp,—mp». 


This comparison has been made in the following way. In Table II 
there are 77 stars for which both 7, and Iyw have been deter- 


* Mount Wilson Contr., No. 97, Table IX; Astrophysical Journal, 41, 206, 1915. 
2 Loc. cit. 
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TABLE II 


CoLors OF THE NortH Potar STARS 


5 


: = = = 
No. 
™ Dy Ih ph) Nyy Ny 
H.A. 48 N.P.S 

(Vie = ans Io 9.48 O38 66 315 
AROS 4 CaSO Cae ene 10.37 OS 30 Ba 
BOD rte. cesses 13 10.50 a eh 173 TO) 
ROO eS eie ees se 14 10.89 =) .35 240 12,10 
ESA Cees, vars ar II.03 + .93 293 12,10 
SES & SSC cero ee ee eee II.09 ee 252 13,11 
NS See 8r IrI.I0 + .83 24 2,2 
Baer eieos «is .< 5s LF 523 + .90 300 14,12 
EQ Hare Ec! I5 II. 26 ae ay 271 Laur 
OTS: = nig es | en II.40 aR acts) 44 3,3 
REI eet a at's | ore Sig iS arson IIl.44 ap shy 144 oy 
Hi os Se 6s Ir.46 ST aO5 255 T2507 
aR reer: | a Naeee sacs TES 7 Sia O 71 353 
JASE = gS OOOO 16 Il.63 aR ol 209 9,8 
Ao a etee 17 11.85 + .61 76 4,4 
A SOMERS ca «loci eto im 6 isha: ors T2052 = 7 57 Binet 
Ores e hs « or 12.2 +1.28 6 ror 
BRA O mate) ers) a- 18 E2332 ae Pht 183 12,10 
Shes ne vise ror 12.62 AP 08%) 174 9,9 
COA Se ee ena 7s 12.66 + .39 206 14,11 
DOS Reg intone 19 L275 ae aS 194 10,9 
AO AE aire Ores olf ci ee chedas ote shes sues 12.83 + .66 107 6,5 
tT) os oR ROE) CO Cee 12.03 se ote 124 9,8 
Sop) Se ere 20 I2.94 a ee I79 10,9 
Os oe CO LE eee 13.05 + .54 158 a 
DLO ate Gini + rir 13.20 Soe 201 10,9 
WBife s Sats el noose ees 13.24 ar kale oI TAS 
22 irc c) co.<\l seneeenare ie 13.4 + .56 32 Age 
PRON Pe 23 13.44 a ais 190 8,8 
Ome Puta: =|) Glione os coi « ohat« 13.44 ae Rt 88 5,5 
INS iu od CREO RE aR 13.45 Se aug 98 4,4 
LUST 5 Role ieee tcl Ca USE RoE 13.48 + .45 83 BAS 
LO Sey enor 22 T3552 + .44 144 6,6 
TGES 0 Ghee DINO CRT 13.54 ap 32 105 B45 
DURGT Ae Seer eee 21 oes 71 + .79 144 6,6 
SECIS eto ae Gl aerceme een 13.70 00) I16 eis 
Min eee tt ance cleetsr seis == 13.79 aEeOL 194 Pei 
Tee. Wan weeot| poe aegueeose Ti Se ofeit 58 Theat 
Fe (Me a hilly shes eeranstces 13.82 + .39 59 454 
GD» op Bec od Oeae omens 13.84 Sry wit 144 5,4 
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TABLE Il—Continued 


No. 
mpg I o(I,) 
H.A. 48 N.P.S 
AZO venehe siete [ore cinietwtavepereyet I3.90 + .32 95 
Aso Haodo so pope ood b Aso. I4.0 +1.00 56 
CYA op ieee BORON Sicha 14.0 + .05 28 
BOONE Ori cits 12r 14.00 +-1.17 149 
yk No OREO e 24 14.04 + .36 116 
QnGE S. acB oahu land dnc os 14.08 +1.50 I41 
(lens Sos OU| oI I6 BUG C4 oC 14.12 +1.23 129 
ST ECR ayes Al rete a ncokacgs 6 14.13 + .66 168 
YEE. ot Soy HOD | bos OOS OG OMI RAS 14.15 + .32 52 
Bifele.cls a8 3000 [6 SE a cnaane 14.15 = 1507, 116 
TA Olea wees || cle weeteierer er oniete 14.17 + .55 108 
OY Se eres [Miche Lo GOD atk 14.3 + .15 24 
3S eretiohescce cede | Clete oMetmatercnst ams I4.3 + .89 24 
BOQ aedey sears sre nedouete eakeienens 14.3 + .88 115 
TSA Ras egeroiey sare, | 6 lete re tevesereyer oes 14.33 + .41 I4I 
ZOZ MER ees tccsts 25 14.35 + .30 117 
BU Oe corexo-n-5:afe\|s wilevarnioreueroustens 14.38 + .62 26 
Vip) eteey Green oo Wo eeno Oras Oe I4.4 + .39 48 
Udi eRe | PAREN aoc 14.43 + .72 62 
BOTs encase cel cote meteor 14.45 + .38 80 
BOO Mee caarh serene eeetapeteet te 14.45 ae alte 76 
BOB he oroyc eis) coe | sistararei errors I4.45 + .22 67 
TAD ro hcnvesaiesed sr ottoketecrsiavohe 14.47 a5 7, 86 
TiS De heyesehclalt rareve ciel aietoneeens 14.48 + .67 162 
TV OM cece accel nesters 14.48 + .36 I40 
23088 ic er eee 14.53 aie vie 90 
MOLE ener eval cicero 14.53 + .96 67 
AAO Son Seo eased acoeod 2 14.55 Sia i75 142 
DOL sre sian fierce 8s 14.56 + .66 148 
TS Sings staat ta ease aes 14.6 +1.12 19 
EA sie Srerrecatesiche |e aus aerate 14.6 +1.08 38 
27 Aste o ee) sade | Maye crete 14.6 + .68 76 
AZT Gioia cleat | soe Tee 14.6 -+-1I.10 ae) 
AO se roichee erate uekern neta atera 14.6 + .88 38 
A'S Os se 5sissncts wisi] San atagerom ane cte 14.6 --1.30 19 
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Akt 496 SO 26 14.73 SP) aes 3 
GORE orien rears lho erent 14.8 a ede 28 
SOmterees viecacs [ore ea ene 14.8 + .33 28 
TOSt eds neice Fi] ae 14.8 + .58 66 
LOT ce dotontrasta| cr dist cee 14.8 1.36 28 
Lig eer ohne mo ciel Mh eNAtsiow, Sam Ne 14.8 AO 42 
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No. 
Msp g I b(I)) Nay» My 
H.A. 48 N.P.S 
BOOS 9 < Oceeneeae Mert eae ae eee 14.8 87 61 54 
TR wo ttc GEASS Ete Seems 14.8 ae ot! 42 Zig 
oie. eGR Gee eee 14.8 +1.06 28 ce 
he See Cage Cee re 14.8 =-5.05 28 On: 
Sy. 8 Se ene 14.8 ae ee 42 Oe: 
RoR tear othe nificta ay tebcus, alle Sats 14.8 = 52s) 28 Deo) 
Svc ae OCI] eee 14.8 = oft 14 ae 
Be Oemea ae: Sole os wales. <8 Sevens 14.85 + .§t 04 4,4 
PADMA CS tole ta. dg Gre. 5st. sine 14.9 == OO 28 aN 
SOAPS ers cs 27, 14.97 SO 56 3,3 
TLS ee Sed eRe rare 14.98 + .37 56 4,4 
Se gets See eae) Ee eee eer 15.0 + .66 23 202 
126) vee SSOee Beene soperne 15.0 = OS 51 Bos 
EAC) eRe oe fePe se Whecage sie) siiciieeiw » I5.0 +1.06 65 Bae 
BOG oo Sed) eC ante 15.0 apis 83 23 et: 
RO Paavo sts ate fis oncis/s: 2 6 etic I5.0 -— 24 Bu, DoD 
TENG: 5, pO eee eae 15.08 AS 65 4,4 
TUS) 2 6 C REEDS) OIC Ore eeee Gate + .63 Rs 454 
TOO te siisin sinc 28 sk + .75 5° 4,4 
Adee teas oi euifie th els sks a’ 3 TSer5 <a SO 18 Oyo) 
TOs oA nde collpdecoussaamc 15.2 geben) 18 ie 
BOOM pies cele ,ai| lis-eiaistores:s c 7076 15.2 SP Ge 18 2,2 
SALE PRE REN ciate) taesaete rere sets TG a2 OL 27 Bie 
SOB. 2 b5 SOROS Ios 15.27 ap ose 36 BL e 
WS Sa5 exch: Vee IOS 15.30 +" 205 36 4,4 
HLM rarest see Mantel + o.sce us Dees 5 +1.72 103 2,2 
TIGA eee. Caged Cin eR fest = soy 7] Ano} 
Die fe Ore SRE aca SIO Tess + .62 13 Dp @ 
DSN i eee IIs 15.38 + .65 35 4,4 
Pe MMe sso! Uin so acer geeynt ne I5.40 +1.50 44 4,4 
TAG. Somos tea pec eoeemmn sac 15.43 +1.04 & 3,2 
OG meee teic) es! Aevausvscsien sun ecs 15.45 + .43 13 DP 
TOE). & a cool Ree ee 15.5 Se oO 4 igi 
DEST occa NOLEN RR RET eS + .19 II Di 
Tei = Bets GFE CR eon ee ear FS..5 + .76 8 yi 
Dh des GEOG (cio CERO oa Toe Sih, 12 2,2 
EG + eGo cage (ee Deere TSe5 +1.09 9 250 
BB Ome as vs 135 15.6 + .81 6 3,2 
BOseE 125 15.65 + .04 ake) D9} 
265 ¢ ous thecal EU eOe oe cis + .28 4 Dak 
Re, eat eta! = arcvap buat ne 15.90 +1.25 2 4,1 
368 od. BeSa Bane ercoe 15.9 = tio 2 aes 
TZ ME Agel 33 ocho 29 15.95 ae 48 2 2,1 
PEO. 3 2 Sn Leer 160.1 + .57 2 itp it 
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mined. Of these the star 439, for which the photographic magni- 
tude of Seares and consequently Zyw is uncertain, was omitted. 
Among the other 76 stars there are 40 for which the weight of J, 
is less than go. These and the star 101 have been combined into 
means of 2 or more stars as follows: 420 and 1o1 (combined weight 
of I, 239); 195 and 282 (100), 319, 424, and 403 (141); 142 and 
gor (153); 391 and 154 (97); 288 and 125 (127); 336, 338, and 
342 (98); 324 and 130 (107); 283, 311, and 159 (125); 158 and 190 
(105); 334, 341, 323, and 139 (94); 254, 215, 126, 163, 205, 218, 
358, 339, 365, 295, 164, 368, 212, and 186 (148). Thus 35 single 
and 12 combined objects were available. These 47 objects are 


TABLE III 

I Ty 
mm Tuw I 0=¢ mn Tuw q, o-c 
TOROS ete: -+ .13 | + .16 +9 RM ORIeh doee -- .60:| - .36 —-7 
TOM, Oa = 144 | + 235 + 2 T2ROOME ee. +1.78 | +1.50 ° 
oye Os ecw +1.04 | + .93 + 5 T3283 eee +1.04 | + .66 —17 
LONG 2 este ees leat ee — 5 TSRAA oer, +1.40 | +1.07 — 8 
TOMS One “1.030 |ecteee OOM Neca TAOA nz eer: + 506 | a= «55 —20 
TLROO Mee Sel ae ove — © TE MRICR YAR Te + .98} + .88 |} +11 
DIP OOM ere ae 6OS hae sOG cae EBROSiters eee se ae) |) Se oth — 28 
Te Ace ap asked) sp wis —13 Me Ato: hand obi + .48 | + .30 — 3 
RAS ores = OOH | mrOO +11 TALOO ses es + .82 | + .35 — 28 
Te OS mene am okey || Ses oS = 5 EARLO Sai eee se ots | Se OK =O 
PA oe seo + .51 |] + .39 + 2 EAL 2 ae QO |eoteaa: Sew! 
GANS cacti ae athe |Poe 3G — 3 TAe2Oneeerev ae ates i Ge sys +14 
OA AE a5 ae pee GR dbeepes eee —I14 TA Aas + 271 | + .66 +13 
THOR OR. Be ar + .82| + .54 —II TAL 3 Sst 5 = 272.) + 340 —13 
B2e OAM ee —EiPatOs|-- rear +16 TAD ZO seers = .90 | -+- .86 +17 
TO Vicnueee +1.20-| + .96 ans TA VAG reas Sista eae aie + 8 
ae toe ea =e 50) |e 3S. TAS On teins = .89)| s+ 271 + 3 
1 Ya We ee + .63 | + .44 — 3 AS Ope es -+ .7o | + .51 ° 
TZ OO miter + .85'| + 79 +12 TASOS8ere cor Ge atte ea aoe +12 
ESO anes san 7Ae ae OO Ul eEc as TUNAO Se ae cate ar ists ie ae —II 
LADS eye +1.14 | +1.01 ae BW bao ifes aOR + .62 1 + .69 +26 
EQOA Mir inrere +1.61 | +1.21 —14 EAR TAR erate +1.00 | + .87 0) 
TRO emieyes Se she} || Se ose — 3 THROU eee —+-1.2r | +1.02 + 6 

Sab Pace ets +1.38 | +1.17 + 3 


given in Table III, arranged according to the photographic magni- 
tudes of Table II. The first column of Table III contains the 
mean of the photovisual and photographic magnitudes of Seares, 
Mm, Which is independent of their difference Ty. The material 
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of Table III was treated according to least squares with the follow- 
ing result: 


Ih—0 .632=0 .895 (Iw —0 .810) —0 .015(mm—13 .128) 


+0 .054 +o .o14 (m.e.) 


or written in another way 
Ih—0 .632=0 .888(mp,—13 .§33) —0.902(mtpy—12.723). 


The differences O—C between the observed and calculated 
values of J, are given in the last column of Table III. These 
differences do not show any distinct run, the number of changes in 
sign being 25, where we should expect 23--3.4 (m.e.). The linear 
formulae therefore represent the observations sufficiently well. 

From the first of these formulae it is seen that there is no sensible 
magnitude equation between J, and Iw, as the coefficient of m, 
practically does not exceed its mean error. This result is perhaps 
the most satisfactory one of the present note. As described above, 
special care was taken to avoid a magnitude error in the values of 
Z,. Although an error of this kind does not appear in the differ- 
ences m™p,—mp, this does not prove that the scales for mp, and 
Mp, are necessarily correct; but they must be parallel. 

To say the least the values of J, do not indicate any such 
inequality between the two scales of Seares. 

To mM» = 13.128 and I, =o corresponds [yw = +0.10+ 0.05 (m.e.), 
although we have both intended to reduce our scale of color index to 
the same zero point. As the small disagreement found is only 
about twice its mean error its reality is not beyond question. 

The mean square of the difference O—C in Table IIT is 0.0141 = 
(+0.12)?.. As this square is the sum of the squares of the mean 
errors of J, and Iyw the accuracy indicated is about what could be 
expected. 

Considering the individual stars, it may be observed that the 
star 85, for which J,=+0.30+0.08 (m.e.), seems to be wrongly 
included with the 7 series (No. 107), as it does not appear to be of 
deep color. My photographic magnitude 12.62 gives in connection 
with the photovisual magnitude 12.03 of Seares: Iuw=-+0.41, 
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corresponding to J,=-+0.29, thus confirming the value found 
directly. 

On September 14, 1912, a plate (No. 207) was taken with several 
exposures of the Pole star in order to determine the effective wave- 
length of its 2 companion 18”’3 distant. From six images was 
found J,=+0.11 with weight 188, or a mean error of 0.073. 
This value of J, corresponds to a spectrum of Ao to Ag of the 
Harvard classification. Recently F. C. Leonard (Publ. Astr. Soc. 
of the Pacific, 33, 215, 1921) has found the spectrum of the com- 
panion to be of class Fo. 


LEIDEN 
November 12, 1921 
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NOTE ON THE THICKNESS OF AIR REQUIRED TO 
PRODUCE THE ATMOSPHERIC ABSORPTION 
BANDS, A, a, AND B 


By ARTHUR S. KING 


ABSTRACT 


Thickness of air required to give the absorption bands A, a, and B.—On a plate 
stained with dicyanin, the A and B bands were obtained when the light from a tungsten 
lamp traversed minimum thicknesses of only 7 and 4o meters respectively; and 
though the air was hot and dry, the water band a at d 7200 was obtained with absorp- 
tion of 9.5 meters. To give the bands A and B visually respectively twelve and five 
times greater thicknesses of air are required. 


In the course of experiments on absorption spectra in which the 
light from a goo-watt tungsten lamp passed through a heated graph- 
ite tube and thence to a 15-foot concave grating spectrograph, 
it was noted that the A band at 7600 frequently appeared on 
the spectrograms. This band is ascribed to the absorption of 
oxygen in the atmosphere. A test with the furnace cold showed 
that the absorption was due to the air at room temperature. The 
distance traversed by the beam through the air in the laboratory and 
in the spectrograph was about 12 meters. As this air-path is much 
shorter than that usually regarded as necessary to produce this 
band, other distances were tried in order to find, if possible, the 
minimum thickness required to give A, and also under what con- 
ditions the companion band B near A 6900 could be obtained. 

Placing the lamp as near the slit as could be conveniently 
arranged gave an air-path of 9.5 meters. The A band was still 
fairly strong and evidently would appear with a path considerably 
shorter. A surprising feature was that the water-vapor band a 
at \ 7200 could be detected at this distance. It was just at the 
limit of visibility on spectrograms having a favorable density of 
the continuous ground. As a part of the air-path was in the 
spectrograph pit, a determination of the humidity was not 
attempted; but the experiments were made on a particularly dry 
day, a hot wind blowing from the Mojave desert, so that the 
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water-content of the air, both in the laboratory and in the venti- 
lated pit, must have been very low. 

Changing the air-path to 19 meters strengthened both A and a, 
but B was still invisible. The light was then passed the length of 
the laboratory to a plane mirror and back to the spectrograph, a 
distance of 39.4 meters. B now appeared, extremely faint, but 
the structure of both branches of the band could nevertheless be 
made out. Both A and a were strongly developed. 

To find how small a layer of air would give A, it was necessary 
to use a shorter-focus spectrograph, and a 1-meter concave grating 
was tried... This involved a greatly reduced scale and, as the 
component lines of the atmospheric bands produced in this way 
are very fine, the matter of photographic resolution became impor- 
tant. Finally, by using a fine-grained film stained with dicyanin, 
the A band was detected with an air-path of seven meters. 

These minimum distances of seven meters for A and approxi- 
mately forty meters for B are much shorter than those given by 
Liveing and Dewar,’ who extended the earlier observations of 
Egoroff and Janssen. Their tests, however, were visual, and the 
red-sensitive plate is certainly far more effective for the observa- 
tions of A; while in the B region the plate probably still has an 
advantage over the eye in the detection of faint objects, on account 
of the possibility of adjusting contrast and the strength of the 
continuous ground. 

Liveing and Dewar found that 7 atmospheres pressure in a steel 
tube 18 meters long rendered A visible, while 18 atmospheres were 
required to show B. The same tube filled with pure oxygen at 
atmospheric pressure showed A, while two atmospheres of oxygen 
were needed for B to appear. From this observation, A should be 
discernible through 90 meters of air. Egoroff? observed it through 
80 meters of air, or nearly twelve times the amount found necessary 
in the writer’s experiments by the photographic method. 


Mt. WItson OssERVATORY 
November 1921 


* Proceedings of the Royal Society, 46, 222, 1880. 
> Comptes Rendus, 101, 1143, 1885. 
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ELECTRIC FURNACE EXPERIMENTS INVOLVING 
IONIZATION PHENOMENA 


By ARTHUR S. KING 


ABSTRACT 


Furnace temperature required to obtain the subordinate series lines of the alkali 
metals in absor ption.—With the central plug at about 2600°C, the stronger lines of both 
the first and second subordinate series of K, Cs, and Rb were readily obtained, while 
for Na, less than 2350° was required. The lines observed for each metal are listed. 
The temperature of the absorbing vapor may be taken as about 400° less than that 
of the plug. 

Furnace absorption spectrum of iron vapor above 2800°C .—Using lower temperatures, 
no absorption lines had previously been obtained longer than A 5507, but with a plug 
temperature above 3200°, practically all the high temperature emission lines were 
obtained in absorption, up to the end of the range photographed, 6700. 

Furnace spectra of Ca, Sr, and Ba vapors mixed with more easily ionized elements, 
K and Cs—Flame lines are not affected, but the intensity of enhanced lines was found 
to be decreased for both absorption and emission spectra, when the easily ionized 
vapor of K (4.3 volts) or of Cs (3.8 volts) was added, the effect being very marked for 
Ca (6.1 volts), somewhat less for Sr (reduction to one-third) and small for Ba (5.2 
volts), while adding Na (5.2 volts) to Ba vapor produced no change. Evidently the 
quenching effect depends upon the relative ease of ionization of the two vapors. 
Temperatures of 1800-1830° were used. 

Furnace temperatures required to obtain ceriain flame lines in absorption and in 
emission.—VThe lines \ 4227 (calcium), \ 4607 (strontium), and dX 5535 (barium) were 
obtained in absorption (tungsten lamp source) but not in emission (exposure 2 hours) 
at temperatures of 1275°, 1200°, and 1400°C respectively. This lag of emission over 
absorption may be partly due to the wideness of the lines, and is not noticeable for 
sharp zron lines. ; 

Relation of furnace observations to Saha’s theory of spectra.—The foregoing results 
verify Saha’s predictions that the subordinate series of the alkalies could be obtained 
in absorption if sufficiently hot vapor were used, and that a gas too cool to emit light 
should still be able to absorb the lines of the principal series; and the results with 
mixed gases are such as would be expected if flame and enhanced lines are associated 
with neutral and ionized atoms respectively, as Saha assumes. 


This paper gives the results of some experiments which bear 
on certain features of the theory recently advanced in a series of 
papers by M. N. Saha,‘ concerning the part which ionization may 
have in the production of certain types of spectral lines. The points 
tested are (1) the possibility of obtaining in absorption the lines 
of the subordinate series of the alkali metals, and in general, the 
conditions necessary for any type of lines to appear in absorption, 
(2) the effect, on lines presumed to be due to the ionized atom, of 

Philosophical Magazine, 40, 472, 809, 1920; 41, 267, 1921; Proceedings of the 
Royal Society, A, 99, 135, 1921 
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mixtures with elements having lower ionization potentials, and (3) 
whether, under given conditions of the metallic vapor, a line appears 
in absorption at a lower temperature than it can be obtained in 
emission. 

The tube-resistance furnace offers special possibilities for an 
investigation of this sort by reason of the close control of the 
temperature and pressure. Absorption spectra also are readily 
obtained, either by the use of a diaphragm within the tube or by 
passing white light through the tube from an external source. 

The special means of excitation employed will be described 
under eachxheading. The furnace chamber was usually pumped 
out to about 8 mm of mercury. The spectrograms were all made 
with the bright first order of a 15-foot concave grating, giving a 
scale of 3.7 A per mm. 


I. ABSORPTION SPECTRA OF SODIUM, POTASSIUM, CAESIUM, 
AND RUBIDIUM 


In his discussion of absorption spectra,’ Saha notes that for 
these elements only the lines of the principal series have been 
obtained in absorption, the experiments with sodium having been 
by Wood? and those with potassium, caesium, and rubidium by 
Bevan.’ Saha’s explanation of the failure of the subordinate 
series to appear is that the temperature of the absorbing vapor was 
not high enough. In view of the writer’s recent study’ of the 
production in absorption of lines belonging to various tempera- 
ture classes, this explanation seemed reasonable. The subordinate 
series of lines certainly require, in emission spectra, a stronger 
excitation than the lines of the principal series, and they should 
appear in absorption when the temperature is high enough to 
furnish a fairly large number of atoms capable of emitting the 
subordinate series lines. However, it was worth while to test this 
in the specific case of the alkali metals. 

Sodium.—A trial of the furnace with sodium, operated as usual 
to give emission spectra, yielded at 2250° C and without prolonged 


* Philosophical Magazine, 41, 267, 1921. 2 Astrophysical Journal, 29, 97, 1909. 
3 Proceedings of the Royal Society, A, 83, 421, 1910; 85, 54, IQII. 
4 Mt. Wilson Contr., No. 174; Astrophysical Journal, 51, 13, 1920. 
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exposure the pair AA 5683-88 of the first subordinate series, and 
two pairs, \\ 5149-54 and 6155-61 of the second subordinate series, 
in addition to the widely reversed D lines. This showed that the 
production of the required atomic orbits was well within the range 
of the furnace. 

In order to obtain the absorption spectrum, a plug of graphite 
was placed near the middle of the furnace tube. The spectrograph 
was set to give, in addition to the pairs above mentioned, those 
at \X 4979-83, 4748-52, 4665-68, the plate thus including three 
members each of the first and second subordinate series. A plug 
temperature of 2650°-2700° gave distinctly in absorption all six 
pairs. A temperature of 2350°, however, sufficed to show the three 
pairs of the first or diffuse series and the strongest pair of the second 
or sharp series at AX 6155-61. The absence of the weaker sharp 
pairs was probably due to their extreme narrowness at low tempera- 
ture in a vacuum source, so that the absorption lines were below 
the limit of photographic resolution. Aside from this feature, the 
sharp and diffuse series appeared in absorption with equal ease. 

The temperature of the absorbing vapor was necessarily much 
below that of the plug, about 400° lower, according to the experi- 
ments previously reported,t which have since been confirmed so 
often that this value may be considered a constant of the special 
experimental arrangement employed. This means that near the 
end of the heated portion of the tube there is a layer of vapor 
sufficiently cooler than the plug to absorb radiation from the latter. 
The present experiments thus indicate that sodium vapor at 
2000° C or higher, with a sufficiently hot background, will absorb 
the lines of the two subordinate series. 

Potassium.—A trial with a plug temperature of 2700° gave in 
absorption the stronger lines of the subordinate series groups near 
AA 5800 and 5340. These consist in each case of one pair belonging 
to the first and one to the second series. 

Caesium.—The absorption spectrum with caesium chloride in 
the furnace was photographed from ) 5400 to \ 7000. All but the 
faintest of the arc lines in this region were obtained in absorption 
for a plug temperature of 2600°. The absorption spectrum showed 


t Loc. cit. 
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nine lines of the first subordinate series and five weaker ones which 
Saunders,: by reason of the constant differences occurring among 
them, considers to belong to the second subordinate series. The 
two groups are as follows: 


I II 
5466 6011 5746 
5503 6213 5839 
5035 6724 6034 
5664 6974 6355 
5845 6587 


Three lines, given by Saunders as AA 5847.8, 6217.6, 6983.8, and 
classed by him as satellites of adjacent strong lines, are visible also 
in the absorption spectrum. In the arc the lines which presumably 
belong to the second series are very unsymmetrical toward the red, 
while the absorption furnace in vacuum gives for each of these a 
narrow line at the extreme violet side of the position of the arc line. 
Dissymmetries occurring among the lines of the first series are also 
eliminated by the furnace. When the furnace spectrum is more 
completely photographed, with proper standards, a revision of the 
wave-lengths can be made and the character of the second series 
definitely settled. 

Rubidium.—For this element also, there was no difficulty in 
obtaining in absorption nearly all of the lines given by the arc. 
In the range \ 5100 to d 6400, the following lines of the first and 
second subordinate series showed as absorption lines, only the 
fainter members of the second series being absent: 


I II 
5151 5648 5654 
5196 5724 ~6071 
5260 6207 6160 
5363 6299 


5432 


While not bearing so directly upon the ionization theory as the 
foregoing, a series of experiments with the iron spectrum in absorp- 
tion may be mentioned. In the previous investigation,? when the 

* Astrophysical Journal, 20, 188, 1904. 2 Loc. cit. 
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furnace was heated in vacuum with the plug at about 2600° C, no iron 
lines were obtained in absorption to the red of 5507, an effect prob- 
ably due, as was explained then, to the high-temperature character 
of the iron lines in the yellow and red. Later experiments have 
extended this limit. The furnace, operated at atmospheric pressure, 
had its tube thinned in the central region to permit very high 
temperatures of the plug and to give a strong gradient in the portion 
of the tube containing the iron vapor. Plug temperatures above 
3200 C, the highest reading of the pyrometer employed, were thus 
obtained. The spectrum was photographed to \ 6700, and gave 
in absorption practically all of the lines shown in emission by the 
furnace at high temperature. 

The conclusion from these results is that a sufficiently high 
temperature of the absorbing vapor, and proportionately higher 
temperature of the incandescent background, give in absorption 
all lines which the furnace can emit, and experience has shown these 
to include probably all lines not requiring conditions similar to 
those of the spark discharge. 

This condition, which is an obvious consequence of the 
difference in excitation required to produce different groups of 
lines in the same spectrum, is enunciated by Saha to the effect that . 
in order to reverse a given set of lines, it is not sufficient to send 
a beam of white light through a cooler layer of the vapor, but that 
‘‘in the atoms present, there should be a fairly large number with 
orbits corresponding to the first term of the pulse of radiation to be 
absorbed. Thus in order that lines (2p-md) may be absorbed (as 
those of the subordinate series of the alkalis), we must have a 
sufficient number of atoms with (2p) orbits.’”* 


2. EFFECT OF MIXTURES OF ELEMENTS HAVING DIFFERENT 
IONIZATION POTENTIALS 


In the writer’s studies of electric furnace spectra, it has been 
noted repeatedly that a mixture of substances may be vaporized 
without any suppression of the spectrum of one by reason of the 
presence of the others. In contrast with the arc containing such 
a mixture, each vapor appears to give its spectrum as if it were alone. 


1 Op. cit., P. 277 
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No evidence against this view has been found as regards the great 
majority of the lines emitted by the furnace. These lines, accord- 
ing to the modern view, are emitted by various electron orbits of 
the “‘normal atom,” that is, an atom which is not ionized through 
the removal of one or more electrons. The furnace is capable, 
however, of emitting, in general rather faintly, some of the enhanced 
lines, which are regarded as due to the ionized atom. For these 
lines, the degree of ionization is a determining factor, and this may 
be affected by conditions other than the temperature and pressure 
which are controlled in the furnace. 

The calcium spectrum contains various series emitted by the 
normal atom, and also the enhanced lines H and K arising from the 
ionized atom. Designating the normal atom by Ca and the ionized 
atom and its lost electron by Ca* and e, respectively, Saha‘ states, 
‘At a given temperature and concentration, a definite equilibrium 
will be established between the proportions of Ca, Ca™, and e, as 
represented by the van’t Hoff formula of reversible chemical action, 
CazCar =e” 

If then we add a large supply of electrons from some substance 
which becomes ionized more readily than calcium, fewer electrons 
from the calcium can exist in the free state, and the proportion of 
Cat atoms becomes less, with a corresponding weakening of the 
H and K lines, relative to the lines of the normal atom. Since the 
ionizing potential of an element may be taken as the measure of 
its ionization under a given stimulus, a mixture of calcium with an 
element having a lower ionization, such as potassium, caesium, 
or rubidium, should alter the calcium ionization to an appreciable 
extent. A fairly crucial test of the basic assumptions of Saha’s 
theory should thus be possible, and Dr. H. N. Russell has suggested 
to the writer that the control of conditions in the electric furnace 
affords an excellent means of applying the test. The following 
experiments were accordingly carried out for the spectra of calcium, 
strontium, and barium. 

Calcium.—A temperature of about 1800° C was selected, which 
gives the H and K lines distinctly, and yet with intensities low 
enough to register easily any disturbance in the vapor producing 

t Proceedings of the Royal Society, A, 99, 139, 1921. 
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them. The first experiments were with absorption spectra, which 
permit short exposures, during which there would be little change 
in the vapor within the tube. Instead of using a plugged tube, 
white light from a strong tungsten projection lamp was sent through 
the tube of the vacuum furnace. As the filament of the lamp was 
many hundred degrees hotter than the furnace tube, it could 
safely be assumed that the vapor in the highly heated portion pro- 
duced the absorption, instead of that near the end as was evidently 
the case when a plug was used. The first mixture tried was calcium 
and potassium, whose ionization potentials are 6.08 and 4.32 volts, 
respectively. The absorption spectrum was first photographed 
with metallic calcium alone in the tube. The furnace was then 
recharged with a mixture of calcium and potassium chloride, and 
a second exposure made under the same conditions as the first. 
The quenching effect on the H and K lines was very distinct. With 
calcium alone, H and K appeared as absorption lines of moderate 
strength, comparable with some of the lines in the group of six 
near \ 4300 and in the series triplet \A 4425-55. When calcium 
and potassium were vaporized together, scarcely a trace of H and K 
was to be seen, while the comparison lines due to the normal atom 
were practically unchanged. The nearly equal width of the strong 
flame line \ 4227 in the two exposures indicated that the density of 
calcium vapor was nearly the same in both cases. The experiment 
was repeated, the tube being wiped out before charging with the 
calcium alone, but the potassium was not entirely removed, as was 
shown by the presence of the violet potassium pair. H and K were 
thus somewhat weakened in the first exposure, but much more 
affected in the second with a large supply of potassium. 

The comparison was repeated with a new tube and metallic 
potassium, instead of the chloride, for the second exposure. This 
eliminated a band structure in the H and K region which may have 
had some effect in the previous experiment. H and K were again 
much weakened with reference to the other calcium lines, though the 
narrower potassium lines showed that the metal did not give as effect- 
ive a mass of vapor in the tube as was obtained with the chloride. 

Experiments with emission spectra were next made, first with 
potassium chloride and then with caesium chloride, which were 
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compared with calcium alone. The exposures were much longer, 
with resulting variations in the supply of vapor during the runs, but 
the effects observed for absorption were repeated, H and K being 
distinctly reduced in intensity when a mixture was used. As was 
to be expected, the effect of caesium, with an ionization potential 
of 3.81, appeared greater than that of potassium, but the effective 
quantities of the two may have been different, and at present it is 
desired to lay stress only on the general effect of a substance with 
lower ionizing potential. 

Strontium.—The experiments with strontium were made first 
for the absorption spectrum with the chloride in the tube, at a tem- 
perature of 1860°C, then with a mixture of strontium chloride and 
potassium chloride. The enhanced lines A 4078 and 4216 were 
compared with the flame line \ 4607 and a group of strong furnace 
lines from \ 4722 to A 4876, presumably due to the normal atom. 
As with calcium, the enhanced lines showed a decided effect from 
the mixture of potassium. 2 4078 was disturbed by a band spec- 
trum, but \ 4216 was favorable for comparison, and relatively to 
the other lines, showed a reduction to not more than one-third of 
its former intensity. A repetition of the experiment, this time 
for the emission spectrum at 1830°, permitted both \ 4078 and 
4216 to be observed. They were found to be weakened by the 
addition of potassium to approximately the same degree as in 
absorption. This tube was afterward used for the experiment with 
calcium alone and calcium with caesium in emission, mentioned 
in the preceding section. The stronger strontium lines persisted 
and the enhanced pair was much reduced by the addition of 
caesium. 

Barium.—A series of experiments was made for the absorption 
spectrum of barium at \ 1830°C, using both barium chloride alone 
and also mixtures of either potassium chloride or caesium chloride. 
The enhanced lines \\ 4554 and 4934 were compared with ) 5535 
and the strong furnace lines from \ 5778 to \ 6063. The effect on 
the enhanced lines was much smaller than with the corresponding 
lines of calcium and strontium, but a perceptible relative weakening 
of the enhanced pair followed the addition of both of the substances 
with lower ionizing potentials. 
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The ionization potential of barium is lower than that of stron- 
tium or calcium, being in fact halfway between potassium and 
calcium. This and the fact.that the region occupied by the barium 
lines is not so favorable for the observation of absorption effects as 
the portion farther to the violet may be responsible in some measure 
for the smaller influence in the case of barium. A mixture with 
sodium vapor, whose ionization potential is almost exactly the 
same as that of barium, was tried and no effect whatever could be 
detected. 


3. TEMPERATURES REQUIRED FOR THE INITIAL APPEARANCE OF A 
GIVEN LINE IN ABSORPTION AND IN EMISSION 


It is desirable to extend the observations on this point much 
farther than has yet been possible, but the tests made on lines of a 
favorable type have given definite results, which will be reported 
here. 

In his discussion of the radiation of the characteristic lines of 
the neutral atom,’ Saha reasons that a mass of gas too cool to emit 
any light should still be able to absorb lines of the principal series. 
Further heating causes the atoms to progress toward ionization, and 
radiation will follow as a result of the mutual interchange of orbits. 
When the gas can emit the principal series rather strongly, it should 
absorb the lines of the subordinate series, a still higher temperature 
producing the latter series in emission. 

The tests thus far made have been concerned with the question 
whether there is a temperature at which the principal series 
Ca) 4227, Sr \ 4607, and Ba A 5535 will appear in absorption and 
not in emission. The higher critical stage at which these lines are 
emitted and at which the subordinate series may show only in 
absorption has not yet been looked for. 

The experimental arrangement provided a transition from 
absorption to emission conditions by simply turning off a goo-watt 
tungsten lamp, whose light was directed through the tube during 
the absorption exposure. 

The exposures required for the absorption and the emission 
spectrograms were very different. For absorption one-half to one 


t Proceedings of the Royal Society, A, 99, 140, 1921. 
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minute was sufficient to produce a continuous ground of the proper 
strength to show any absorption which was present. For the 
emission spectrum, it was a question of registering a very faint 
image, and a period of two hours was considered a fair time, in view 
of the power of the spectrograph, to show anything which the vapor 
could emit. Absorption spectra were photographed at the begin- 
ning and end of the emission run. 

At 1275°C, \.4227 of calcium appeared in absorption, 0.5 A in 
width, persisting as a well-defined absorption line at the close of a 
two-hour exposure for the emission spectrum, but the line failed 
to show in emission. At the same temperature, a very faint trace 
of \ 4607 of strontium could be seen as an emission line, but nothing 
whatever appeared in emission at 1200°, though at the latter 
temperature the absorption line \ 4607 was strong at the beginning 
and end of the period. 

The barium line \ 5535 could be seen very faintly in emission at 
1500°; but with the temperature held close to 1400°, at no time 
rising above 1440°, the line entirely disappeared. The absorption 
line was still strong at 1400°. 

Some inherent difficulties must be recognized in tests of this sort. 
Lines such as the three just considered have, when plenty of the 
material is present, low photographic density and a considerable 
width, which features should make them appear in absorption under 
minimum excitation. Thesame characteristics retard their develop - 
ment through the threshold condition in emission. Lines which 
tend, when faint, to become very narrow, as is the case with the 
great bulk of furnace lines, hold up relatively better in emission 
than in absorption as the temperature becomes lower; since in 
absorption the very narrow line may disappear too soon by reason 
of failure of the spectrograph to produce the resolution of the 
continuous spectrum which enables an absorption line to be per- 
ceived. This fact, which with the narrow lines of the vacuum 
furnace would make the emission line in its early stages easier to 
see than the absorption line, may account for the fact that in the 
iron spectrum, emission and absorption spectra for the same temper- 
ature of the furnace are very nearly duplicates. While the series 
for iron are not known, the lines fall into definite temperature 
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classes,’ and the initial appearance of a line of certain type may be 
watched. An iron line in this sensitive state and with proportional 
exposures, shows as readily in-emission at a given temperature as in 
absorption. This was tested through a range extending from the 
ultra-violet into the red. From the green into the red, it is some- 
what easier, at a certain temperature, to be sure of the presence 
of a faint iron line in emission than in absorption. We may there- 
fore say that the evidence thus far does not always favor the absorp- 
tion method as a means of producing more numerous lines than are 
shown under equal excitation in emission, though the earlier 
appearance in absorption of principal series lines appears to take 
place in the spectra of calcium, strontium, and barium. 
Mount WItson OBSERVATORY 


January 1922 


1 Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 
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FURTHER EVIDENCE ON THE BRIGHTNESS OF THE 
STARS OF THE NORTH POLAR SEQUENCE 


By FREDERICK H. SEARES anp MILTON L. HUMASON 
ABSTRACT 


Mount Wilson photographic and photo-visual scales of magnitude—These scales 
were based wholly on plates made with the 60-inch reflector and as there was some 
question as to photographic magnitudes brighter than the tenth, and photo-visual 
magnitudes fainter than the eighth, additional data have recently been secured with 
the 1o-inch Cooke refractor. Exposures both with and without a wire screen which 
absorbs 3.02 magnitudes were made on 54 plates. Taking the photographic magni- 
tude of each star to be 0.19 C less for the ro-inch than for the 60-inch, where C is the 
color-index, and the photo-visual magnitude to be the same for both, the investigation 
reveals no appreciable error in the photographic scale and shows it to be homogeneous 
from the fourth to the fourteenth magnitude; and the slight correction of +oMos5 
indicated for the photo-visual scale near the ninth magnitude is not confirmed by more 
reliable exposure-ratio results to be reported elsewhere. The original scales are 
therefore retained. 

Revised magnitudes of stars of the Polar Sequence.—The plates also enable correc- 
tions to be given to the photographic magnitudes of 45 stars and to the photo-visual 
magnitudes of 28 stars. These average +oMo3 and +o™og4, respectively, for the two 
scales. The larger photographic corrections are in substantial agreement with those 
recently found at Greenwich by Jones. 


The following pages summarize a recent investigation of the 
brightness of stars near the North Pole, undertaken in connection 
with the work of the International Commission on Stellar Magni- 
tudes. Certain results of the earlier investigation’ had not yet 
been fully confirmed by observations made elsewhere,” and, as the 
original measures had been wholly with the 60-inch reflector, it 
seemed desirable that additional data be secured with an entirely 
different instrument. 

The question at issue related mainly to the photographic 
magnitudes of stars brighter than the tenth magnitude. From the 
tenth to the fifteenth or sixteenth magnitude there was evidence 
that the scale had been well determined; but between the sixth 

I Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 

2 Besides short series of measures by Parkhurst and Schwarzschild, King’s results, 
Harvard Annals, 76, No. to, were in agreement with Mount Wilson. Jones’s observa- 


tions, Monthly Notices, 82, 21, 1921, which are also in excellent agreement, appeared 
after the present investigation was begun. 
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and tenth magnitudes there remained an unexplained difference 
of a quarter of a magnitude between the Harvard and Mount 
Wilson results. 

Visual magnitudes of the stars of the Polar Sequence have been 
measured at the Harvard Observatory to the thirteenth magnitude. 
Besides these and the Mount Wilson photo-visual results published 
simultaneously with the photographic magnitudes in Mi. Wilson 
Contribution No. 97, there is no evidence bearing on the visual or 
photo-visual scale of the stars in the polar region fainter than the 
eighth magnitude. Further investigation of this scale was therefore 
also desirable. 

The instrument used for the present investigation was the 
1o-inch Cooke refractor of 45 inches focal length, which represents 
a radical change in conditions as compared with the 60-inch 
reflector. Its relatively small aperture implies an entirely different 
relation between diffraction pattern and resulting photographic 
image of a star; its small focal length means minimized influence 
of atmospheric tremor; its large field results in small corrections 
for distance error (for a compact group of stars at least); while 
its large color equation presents an extreme example of the differ- 
ence in the color-sensibility that may affect the instrumental equip- 
ment. 

The reduced-intensity exposures were made with a wire screen 
absorbing about three magnitudes, placed in front of the objective. 
As usual, equal multiple exposures, arranged in a symmetrical 
sequence (for example: full aperture, screen, screen, full aperture), 
were made on each plate, the exposures for different plates ranging 
from 1 to 32 minutes in order that stars of widely differing brightness 
might be accurately measured. 

The longer exposures for photographic brightness extend several 
magnitudes below the questionable portion of the scale. This 
greatly simplified the reductions; for since the photographic scale 
below the tenth magnitude may be accepted as reliable, the magni- 
tudes in this region could be used to determine the absorption 
produced by the screen. Moreover, as will appear shortly, a series 
of photographs covering a wide range in exposure time affords a 
simple means of testing the homogeneity of the scale without 
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actually calculating the magnitudes of individual stars. This 
calculation is eventually necessary, but it is convenient to see in 
advance if a divergence in scale is to be expected. 

The photographs were taken and measured by Humason. 
For much of the calculation connected with their reduction we are 
greatly indebted to Miss Joyner. For the determination of the 
photographic scale 43 plates were available. The investigation of 
the photo-visual scale, which depends on only 11 plates, could be 
much abbreviated, since the results are supplemented by inde- 
pendent evidence obtained by combining the adopted photographic 
magnitudes with values of the color-indices derived by the method 
of exposure ratios. To restrict the labor as much as possible, 
only stars of the Polar Sequence were measured. Corrections for 
distance from the center of the plate were neglected, since the 
distances themselves are small. Only a few of the brighter stars 
are more than a degree or two from the Pole, and these were brought 
to the center of the plate by shifting the telescope before making 
the screen exposures. 

The measurement of each photograph yielded two series of scale 
readings, one for full-aperture and one for screen exposure. These 
were first used to determine the screen constant and to test for 
homogeneity the scales of Contribution No. 97. 

Since these scales refer to the color-system of the reflector, the 
individual magnitudes must be reduced to the system of the ro-inch 
refractor before they can be used with the latter instrument or 
compared with results obtained with it. The differences in the 
color-sensibility of different telescopes (together with the photo- 
graphic plate) are of the same order as those in the visual color- 
perception of different observers. In careful work these instru- 
mental peculiarities cannot be neglected, but in practice the data 
necessary for reduction to a normal system of color are usually 
lacking. It is not difficult to determine the relative color-equation 
of two instruments, but the second essential—the color of the star 
whose brightness is to be determined—is generally unknown, and 
the comparison of results obtained with different instruments then 
means little unless the relative color equations are small. In the 
present case, however, the colors of the stars are known. 
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The chief instrumental source of the color-equation lies in the 
violet and ultra-violet absorption occurring in the optical system. 
Since light of these colors plays little part in forming a photo-visual 
image, the relative color-equations for photo-visual magnitudes are 
much smaller than those for photographic, as long as the same 
brand of plate and the same filter are used. In the present instance 
we adopt provisionally for the reduction to the system of the 
10-inch refractor’ 


Myy=Moo—0.19 C (Photographic) (1) 


< Mr = M60 (Photo-visual) (2) 


where me. and C are magnitudes and color-indices given in Contri- 
bution No. 97. The resulting values of m, are in the second 
column of Tables III and VI. 

These magnitudes were plotted against the two series of scale 
readings (full-aperture and screen images, respectively) derived 
from each plate. In the ideal case of perfectly accurate magni- 
tudes and no errors of observation, the plotted points would define 
two parallel curves, whose separations, measured parallel to the 
magnitude (ordinate) axis, would be equal to the value of the screen 
constant. Actually the behavior of the curves indicates the de- 
gree of homogeneity in the given scale. In the present case the 
photographic scale below the tenth magnitude is known to be 
substantially correct, and we should expect the curves in this region 
to be sensibly parallel. The screen constant is determined from 
this portion of the data. 

Detailed results for the differences in the ordinates of the curves 
are given for individual plates in Tables I and II, omitting only 
those whose screen exposures show but one or two stars each. 
The first column indicates the ordinate (magnitude) of the full- 
aperture curve from which the distance between the curves was 
measured. The values of the separation for every half-magnitude 
are shown in the body of the tables in the form of deviations from 
an even three magnitudes. Thus the first value in Table I for plate 
517, exposure 32m, indicates a separation of 3.10 mag., measured 


*Seares and Hubble, Mt. Wilson Contr., No. 187; Astrophysical J. ournal, 52, 8, 
£920. 
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TABLE I 
SCREEN ConsTANT, PHOTOGRAPHIC DATA 
So 16% ¢ gm 4m gm 
Mag 
517 | 525 | $08 | $09 | 470 | 403 | 494 | 405 | 406 | 478 | 480 | 490 | 401 | 402] 477] 485 | 486 
RPO oie ciatore ape oaietinn <. RCN Rle SSE Oak at love call enate lek ice o|+2 |—-30] o |—15| o |—7 |+8 
Die tare atin sauce sc lace ci +10}—5 |+10]+23|+11]+20]+10]— 2] o |—18] o |— 8/—7 |—4 |+5 
WON oon hale cos tue x + 6)—5 |+10]/+20]+4r0]}+13/+ 7/+ 5|+2 |— 8)—-3 |— 3}/—4 |—-3 |+2 
PGS eee ese se hele she's ok + 21—5 |+ o/+16]/+11]}+ 8)/+ 4/+r2]/+4 |+ 3] 0 ol—5 °o 1-3 
0c So e.e-{b 8]— 11-6 |+r0}+14]+14/+ 5]+ 1/+18]/+4 |+ 4] o |+ 31-4 [+5 |—2 
7 ees tom +r1o]+ r]/— 5|—5 |+1ro|+17|/-+20/+ 4/+ 6]+18}+2 |+ 3/+6 |+ 8]/—1 o|—2 
BON sere ceca + 4/— 7/— 5/—5 |+10]+20]+20}+10]+10]-+20]+5 ol+o9 |+13|/+2 |—4 |—4 
eainGrassloleie <.5.0:s 0} —16]—10}—1z |+ 6|+17|+20]+14|+10|+161+6 |— 4|+4 |+14/+8 |—5 |—1 
oe: — 2/—17;-— 9]-—2 0} +10] +21|+16]+10]+ 4/+4 |— 4/+3 |+ o]....]-4 |—z 
ees Wiclon wine os — 6}/—16]/— o|/-—4 o}+ro/+ 4/+ 8 Oleece (43 THe el” Oo fal oe ieee 
7 a ea + 5|— 8|-— 4/-—7 |— 2}+10}+11 CO) Feomtied RSE (oie Pouce (evra (macetery| IGioterall leievecdl (orci a 
Ma farce a avaide< +15|— 4 ol—5 Sa acne) eon) nuciol larrres tecacalboos bool baad bocullocoel (yao. 
SINC ER AS ere 20] Oi SECs cannes , S : 
Mean..... + 6)— 7J— 23-5 [+ 7]/+16]+14|/+10/-+ 6/+10/+3 |— s5/+2 |+ 2/—1 |—2 ° 
Ssomtace Se AeA ont cet oe Ale tae toe ° ol+3 |+4 |+2 
2m 2 lle 
Mag. No. | Mean(r)| Mean(z2) 
487 | 488 | 476 | 48x | 482 | 483 | 484 | 510 | 51z | 512 | 513 | 514 
-|t4 fe) o}+15|—18} —5|—12]+14|-+22|— 2} +5]+15] 21 3.00 3.00 
-l+ 3 o} +6]+11]— 9] —2|— 7}/+14)+10]— 3] +7])+13] 27 3.03 3.02 
Mite ate O17 en Ol Ola tO i oe est 7 t- 1G 27a Od! 3.02 
-|+ 5 o} +6)/+ 4/+ 2] +3/+ 2}/+ 2|—11]/— 2] +o]+20] 27 3.04 3.02 
-|+ 8:— 2) +4 ° o| +2]/+ 2}+ 2}—11]/— 9] +4]+22] 28 3.03 3.02 
.-|+1o0/— 1] —4/— 5 ° ol+ 2|/-+ 5|—13|—20] +2]+20] 29 3.03 3.02 
o «|+23I-+ 4)... -f.... — 2 o|-+ 2}+ 4)—12]/—23}) —4|+22] 27 3.04 3.03 
Si atrE Scie LOH <del! eve:sif svorat =f-6| fev 2|ec os asics [raced omiebaeets 21 3.05 3.04 
Se AP EONS RGN dc ePareis elie o aint) cx |e cimshs w ne Pewrns Leo 8 a ]6 evel eaters 18 3.04 3.02 
a ANU Seok hcg wil evar pgi-e-elP ewe Risse as Ueto ie ell deeieen' Ties) shall ave te toll lovstece ts 3.00 2.098 
56.8) Breet Baer | tach Wood) So Al tae tresces Mpa lirare 9 3.00 2.07 
Bye ih ste Ae era Boel Iver bcos moat hoot. 24 le eaters 3.05 
seek) al hee alll ere cl Ire cca Bnd ocelot aoe leaas 2 3.09 3.12 
Mean.. -(+ ol 3] +3/4+ 5|— 4] Of— 2/4 71— 2]/— 38) +4]+10]253 | 3.03 3.02 
S:Cis, l= 7I— zr} —z]— 3i+ 6) -2]-+ 3/— Sit altro] —2]/—17]. 00. f.-- eee ele we ences 
TABLE II 
ScREEN CONSTANT, PHOTO-vISUAL DATA 
32% 16% gm 
Mag No.|Mean (1)|Mean (2) 
526] 527 | 543 |539| 540 | 54x | 542 | 535 | 536] 537 | 538 
Ponsa its) 28 — Olest-O| eS) Ol eae 4 agp ex [ea 2) rr | 62-081) | s2z08 
aD +6} —15| — 6| +4 Cl seal Stl aed es eye re Ree 2.99 
10.0....| +5] —14 Ope? |leate 7) ctcO|0 uch ate S|ieaped| ee On le O| tral esoa g igno. 
10.5....| +5] —zo} —z4] +3] ro} +8) +4! +35] +13] +5 | +10] 11 | 3.04 3-04 
mz.0....| +4, — 5} —14| —1] +74 o} +8] +23] +20] +6 | + 7] 1r | 3.06 3.05 
1z.5....| +2| — xz} —zo| —6} + 8| —6| +8] ....] ....[... | ..--| 7] 2-90 3.00 
EA-O- eee] “2 ° Cll canall Seine: Sel Aas BAe seOr 3.06 
Tope eeetet al) ste 21 st 7 3} 3-04 3-09 
Mean | +4] — 7} — 6} +2] + 6) +2] +6 +7 + 6] 68 | 3.02 3.02 
SiCe e—21 cto} ate] zt) 4 Of —4e—25 Cale Seved oecmeor| aca : 
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from the point on the full-aperture curve whose ordinate is magni- 
tude 11.5. For plate 508, on the other hand, the separation for 
the same ordinate is 2.95 mag. 

Restricting our attention for the moment to the photographic 
scale (Table I), we note that the two values just given depend upon 
stars whose mean magnitudes are 11.5 and 8.5, respectively, those 
of the latter value having been reduced to an apparent brightness 
of 11.5 by the use of the screen. Were the magnitudes of these 
stars as given in Contribution No. 97 certainly dependable, the 
numbers 3.10 and 2.95 could be accepted at once as approximations 
for the screen constant. But since we assume the scale to be 
known only for stars fainter than magnitude 10, it follows that 
only values of the separation of the curves for ordinates 13.0 and 
fainter are available for the calculation of the constant. 

We note, however, that the means of the quantities in each 
line of Table I, which are given in the last column but one under 
the heading ‘“‘Mean (1),” are very nearly constant. There is no 
evidence of a progressive change, and this shows at once that the 
photographic scale of Contribution No. 97 is sensibly homogeneous, 
for, no matter what portion of this scale between the sixth and 
fifteenth magnitudes is used, we find appreciably the same value 
of the screen constant. Assuming the scale to be correct from 
the tenth magnitude downward, that between the sixth and tenth 
magnitudes must also be substantially correct. In the mean, 
the photographic data in Table I give the following result: 


(3) 


Stars between mags. 6 and 10, Am=3.03 (207 values) 
Stars between mags. 10 and 15, Am=3.02 ( 46 values) 


The value 3.02 mag. is therefore adopted for the screen constant. 
There is so little progressive change in the values of Mean (1) that 
the treatment of the photographic data reduces itself to a simple 
combination, arranged to diminish as much as possible the acci- 
dental errors in the individual magnitudes. 

The agreement in the values of Mean (z) for the photo-visual 
results shown in Table II is nearly as satisfactory. The irregu- 
larities are a little larger and there seems to be a small progressive 
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change, but the number of plates included in each mean is much 
smaller than in Table I. From all the data in Table II, 


Stars between mags. 6 and 12. 5, Am=3.02 (68 values) (4) 


which is the same as the adopted constant found from the photo- 
graphic data. We conclude, therefore, that the photo-visual scale 
is very nearly, if not quite, homogeneous; moreover, (4) shows 
that in the mean it is consistent with the photographic scale, and 
hence should be substantially correct. We shall examine the 
small progressive change in the values of Mean (1), Table II, in 
a later paragraph. 

The individual values of Am in both Tables I and II show the 
influence of appreciable systematic errors which are peculiar to a 
plate. The means for the separate plates shown at the bottom of 
the tables range from 2.92 to 3.19 (plates 512 and 514) and 2.93 
to 3.07 (plates 527 and 535), respectively, with an average deviation 
of +0.05 mag. This is only to be expected from observations 
which depend upon multiple exposures. Fluctuations in atmos- 
pheric conditions, the absorption of water vapor by the photo- 
graphic film, and a variety of other factors combine to produce for 
each plate an effective value of the screen constant which differs 
more or less from the true value. The disturbance can be rendered 
accidental by increasing the number of plates, as in the present 
investigation, where its influence upon the adopted constant is 
very small. 

The effect upon the magnitudes of individual stars will be more 
serious, however, unless special precautions are taken, for some of 
the stars appear on a few plates only. The difficulty can be avoided 
by reducing each plate with its effective constant; but we must 
first see whether this will modify the scale. This may be determined 
by applying to each value of Am in each column the corresponding 
systematic correction in the last lines of Tables I and II, the correc- 
tions being the difference between 3.02 and the mean Am for the 
plate in question. The horizontal means of the results thus found 
are given under the heading “‘ Mean (2),” and represent what would 
have appeared under Mean (1), had the effective Am for each plate 
been equal to 3.02. The revised values are sensibly the same as 
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those of Mean (1), which shows that the scale will not be altered 
by reducing the individual plates with their effective constants. 
By so proceeding the errors in the individual magnitudes are 
appreciably diminished. 

Since Table I gives no evidence of appreciable error in the 
photographic scale of Contribution No. 97, the determination of the 
magnitudes is a simple matter. It is only necessary to read from 
the full-aperture curves referred to above, with scale reading as 
argument, the magnitude of each star, subtracting the values of 
the effective constant from those interpolated with readings of 
images obtained with the screen. Since the effective constant 
cannot be determined when only one or two screen images appear, 
several photographs of bright stars were reduced with the mean 
constant 3.02 mag. 

Each of the magnitudes thus found yields a correction to the 
corresponding magnitude given in Contribution No. 97. ‘The results 
are summarized in Table III, which shows the mean correction 
derived from each group of plates, classified according to exposure 
time. The second column of the table gives the magnitude from 
Contribution No. 97, reduced to the color-system of the 1o-inch 
refractor. The headings of the six following columns indicate the 
exposure and the number of plates in each group. ‘The corrections 
in the body of the table are given separately for full-aperture 
(left-hand series) and screen exposures. The number of values 
included in each mean correction is usually the same as the number 
of plates in the group, except in the case of the 1-minute plates. 
For these the number varies from 1 to 24, with an average of 9. 
Individual corrections in excess of 0.3 mag., 4 in a total of 954, 
were rejected. The weighted means from all the data and the total 
numbers of values appear in the last two columns. 

The corrections for stars 1, 4, 35, and 17, and for the faintest 
stars in the list are of relatively low weight. The largest among 
the corrections of high weight is —o.08 mag. The average devia- 
tion of a single magnitude is --o.o70 mag. The simple mean of the 
corrections based on five or more determinations is -to.028 mag. 
The probable reality of the larger corrections is indicated by the 
agreement shown in Table IV with similar corrections found by 
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Jones,’ the quantities in parentheses being the approximate relative 
weights within the respective series. There are only two cases of 


é 


TABLE III 


CORRECTIONS TO PHOTOGRAPHIC MAGNITUDES 


Exposure and Number of Plates 


Pg Mean 
ed ms: No. Corr 
32, 2 16%, 2 8% s 4m, 5 2m 5 IM, 24 

5 en ee SEARS) (ian Sear al FESCUE Seer hea] [PP Se ete) | diese oer at (DR ne +7] 4 a7) 
ES lecalens eee Motors ta afai tie le SEK x rei ww Guaidin wewre yas Gakic aleceeeye ete areleEt ea ete +14 4 +14 
BS cess DE A een eetal brie sore +9 —4 +4 — 2] 25 +1 
Be iieeis < OG Sa IRC R Gee 5 eel Retecrcere eeueaiens + 6 —Il — 5 —I0 | 20 —5 
Boones « GIA Sas Brateral  creere all ccatesateielomecal[ateiece Sem eves fa ie srec cen hero eeeee — 6 5 —-6 
Tee LET oa lee encore (ates & aA Pe caes Pints ol Pe rel IPepan = ee +o] 6 +9 
a  - Feo Soe ee +4 — 5 +1 +2 /+14, of 26 +a 
ee / Bec al CE — 8 a a 3 — 4 |+ 8,+ 4 | 36 +2 
OP ane. PAOAN NS vie oo hiets +5 + 3 +1 —5/]—9,+ 6 | 31 —1 
Serica 8.28 — 5 +1o +2 +10 ol+2, of] 34] +3 
Beek 8.69 ° +4 +5 +7 —4|/-— 6,—1 | 38 ° 
Betas 8.87 +ro 43 + 3 |440,-+14 |+ 5,420 1+ 3,-2| 34] +5 
Io ©.22 +1 +8 0, Ir |— 7,+10 |— 4,+ 6 |— 2,— 4 | 57 +z 
1 ee ae 9.04 — 6 —ir j+11,-— 5 +1 /+3,+ 2 /+1,- 3 | 35 —1 
23 ye ae 9.69 o}/+to,— 6 {+1,+10 |— 3,-—1/+3,-—8|—4 49 —1I 
DP elec 10.03 —14|+1,-10|— 5, o|]— 8,— 8/—3 — 2 46 —4 
BES atc 9.85 —20 OF Sa 72 TO! = 3 30 +1 
AS oe 10.17 —16 —to/+tr,to0]/+5, ol+ 3 ane) 38 +1 
Eee ee 10.50 —19 |— 1,— 6 |— 2,-10 ]|—1 +2 ae Y/ 35 =r 
OP eee ss 10.22 —4 +2 {/+4,+ 2 /-— 2,+ 1 |+ 2 —1I 38 ° 
RE Abe yak, 10.90 |— 4,— 8 |—10,+ 8 |— 4,—22 |— 3 —I0 —II an — 8 
Wier POA eae tay (cia de Solicit Pop Si | Spee = 5 5) | eectens 
Sct, 10.89 Sank Bill eoparps te one sini] Oreos Seer [ Sotaciateienepe +12 —12 I4 —4 
Voie ee ae tr.16 |— 3,-+ 8 |+ 6, 2 1 7 + 8 5 + 8 33 + 6 
OS aes 11.26 —-2 —-ogolt+1 + 4 —4 ° 24 —-1 
‘eee ir.25 |+ 2,+ 6 jeer + 5 + 6 —4 ° aS a4 

TOncees s IT.55 |~ 0, —o I ° —2 — 3 - 
3 eee 11.76 o,+190 |+ 5 +1 + 2 + 6 +1 20 +3 
Gi Suse's 12.20 |+11,+11 |+ 9 ° —4 +2 —7 23 +1 
BOG cis 12.61 ° +2 +1 -—1I tk Seca) ren eae 18 ° 
BOE crass 12.92 |+ 2 +4 —4 ° 1107 | |ineurnieemie sss 16 —2 
Oh Se 53.27 |—- 3 —2 —I Bi? bo nooo OAS ACO OS O II ee 

ET Savas. SOO o's comical —4 +10 peUR ee aa tl eect etevs lorerevat| steverevenereteeers Hl Be 
OY ee 13.32 | +18 —4 SE eee Iara aca canveyoee\ lover cis aetiaroiel| siebenmonene eters : ct 1 
by eee 13.50 |+ 6 +12 SPSV'OE Go ls wiarlalene cfs billetele.s avesstereey |inisisievervrereiets iy] 
SOU F Eee) UlecePietetare eieves|\eieiaievetar sisvavei| 'eceresevere seiael| eps ieysteterotetegel| ol oxoreterstereroee 2 +2 
13.82 |+ 7 —2 ora ee ee Aer ce en ne Olin Od oie Dero Cec uf o ° 
13.99 |+ 4 Bae Eilistraee pietecr te al|inits einvose nleval lis) aveierevera) tev) | inte! <secatttotarets 4 nA 

PERO EO 8 Dosin cecciy vu vl vino. # sienna wriauer viele! 9 0)nin dow wiaiersral viaie\ [le \ns: ees nan ee = 
14.47 |—13 are Yetses cove nforel| fermpereseretevere tos] steistetelnievoie’atl ofetecstelsierstezs 3 Io 
—16 

OS aandee BAS ei EON = leveyereversiayccsisitictnts afevere efele||ereje «1-2 <is/+)4{l'sve1stalateupacec ellipsis sinialeletars 2 me: 
BI Bate lsie Wen =n 0 Wt no Seneel GoocetonnS| Bormeanonn qi |pcuooo ns Go| |anciodocc 2 Ti 
LOST nk niGsy see! 8 lle aoeaaonglesnnoas t05| loccceoben rorcnaomoallocnodcoc 3 oe 

TIS vice iron tae UN eouead tebeandoncd| Medaaracos lutcnoocerd |tehhoon sox 


an actual difference in algebraic sign, which shows a close accordance 
between the recent Greenwich investigation and that reported here. 


* Loc. cit. 
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For the seven red stars of high weight, 2r to 87 inclusive, there 
are two zero differences, four of o.or mag., and one of 0.02 mag. 
This confirms the reality of the large color equation of the 10-inch 
refractor for photographic magnitudes, and shows that the adopted 
coefficient in equation (1) is sensibly correct. 


TABLE IV 
COMPARISON WITH CORRECTIONS FOUND BY JONES 


Star Table III Jones Star Table III Jones 
Shoes weet +o9( 6) +11( 11) Tae Sse —5(20) +x( 26) 
TA eee hae —8(37) —1O(£O0) ||) 222 ary —4(46) 0(113) 
Tit aes ee eas ~ +6(33) + 5( 96) GS eerie: —4(14) —6(108) 
TIP Masa +6( 7 + 7( Silas sakes +3(34) +3( 39) 
het Leer —=06( 5) ayer (LO) miler yee +3(29) +2( 56) 
Ouerean re +5(54) + 16(-33) [) etek ee | es eee 


The corrections in the last column of Table III may be combined 
with the magnitudes in the second column to form weighted mean 
values referred to the system of the 1o-inch refractor, or with the 
photographic magnitudes of Contribution No. 97, to obtain a revised 
system for the 60-inch reflector. Other data are available, however; 
and the final results, based on all the material which has been 
accumulated, are given in the following Contribution No. 235. 

Turning now to the photo-visual magnitudes, consider first the 
small progressive change in the screen constant indicated by the 
last two columns of Table II. This suggests that the photo-visual 
scale requires a slight readjustment. The smoothed values of the 
constant are given in the second column of Table V, and it is 
readily seen that each of these would become equal to the adopted 
mean, were the original scale modified by the quantities shown in 
the third column of the table. Thus, since the first value of Am 
depends upon the difference in brightness of stars whose mean 
magnitudes are 6.0 and 9.0, respectively, corrections of o.oo and 
-+0.05 at these two points of the scale would increase the observed 
value from 2.97 to 3.02. Again, the last value of Am depends 
upon stars of mean magnitude 9.5 and 12.5. Corrections of +0.04 
and +0.01, respectively, give the required reduction of 0.03 from 
3-05 to the adopted mean. The maximum correction is +0.05 
mag. in the vicinity of magnitude 9. 
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These results, however, scarcely justify a change in the original 
scale, for the divergence in question arises almost wholly from two 
of the eleven plates, Nos. 535 and 536, both of which show large 
differences in gradation between the full-aperture and the screen 
exposures (see Table II). There is, moreover, additional evidence. 
The colors of the stars near the Pole have been extensively observed 
by the method of exposure ratios, and since we now have reason to 
believe that the photographic scale for the brighter stars is reliable, 
it is clear that the photo-visual scale may be independently estab- 
lished by combining photographic magnitudes with color-indices 
derived from the exposure ratios. This material is discussed in 
Contribution No. 235, but the results are summarized in the last 
four columns of Table V, the significant quantities appearing under 
the heading “‘Corrn. (2).” 

TABLE V 


ScaLE CORRECTIONS 


Py. Mag. Am Sere Py. Mag. pears No. Stars | Rel. Weight 
OL Omiaccnmclios seca ne ws ° 3 Omayerss —3 2 B 
PRE NCRO veerais'/0's halos area's 2 Bindi =33 4 4 
7i8 kaa = Sere et eee 3 OoRantar ° 5 3 
SPR Nic. ies tees wer +4 Sh Onno —7 5 4 
SOMA erse a ts awe ss as +4 Ozrinow = 6 Io 
en eaatare er orcs rs ila -o 5 FOeA wae sii 5 22 
GROIN 35 2.07 ap Pea aaa =u 5 14 
Oe Gewese thes 3.00 +4 Eoin acres aes 14 38 
TOG Onte sisici<'- 3.02 +3 13a 5 oie 3 22 22 
TOMS oe a cies 3.03 +3 TAC a ee +1 28 17 
TE Oe cies a 3.04 +2 ESS Amok —I 40 ite) 
1 eae 3.05 2 TOROS Se as =F 33 31 nT 
1380 eae 3.05 aes LOPOs ese —2 49 6 
TOT oe sis 3.05 SPE) Pt Oat ete, tes otis (cate rece edereys' | ergs ata cevensaatel| over ret genre 


With the exception of the values for 8.0 and 9.5 it will be noted 
that these corrections are small and in general accidental in char- 
acter. Further, the two large corrections are opposite in sign to 
the values of Corrn. (1). In view of these results, which are of 
good weight, it appears that Corrn. (1) is of the order of the 
uncertainty affecting its determination, and may be disregarded, 
Nor does Corrn. (2) itself afford any certain basis for a change 
in the opposite direction. The exposure-ratio observations in 
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these two groups are not well distributed, and most of the difference 
can be traced to three or four stars. A small systematic effect is 
certainly present, but as between the two series of magnitudes and 
the exposure ratios, its source cannot be located. The photo-visual 
scale of Contribution No. 97, as well as the photographic, is therefore 
adopted unchanged. 

The problem of photo-visual magnitudes, provisionally at least, 
is therefore also one of diminishing the accidental errors of the 
original values in Contribution No. 97. Proceeding as for the 
photographic data, we find the results given in Table VI. 


Xs 


TABLE VI 
PHOTO-VISUAL MAGNITUDES OF POLAR SEQUENCE STARS 


Sums of Sums of 
Star ve - Mag. Deviations} No. | Corrn. Star Py. Mag.| Deviations| No. Corrn. 
ont. 97 ees Cont. 97 aes 
PS ieee ra aves 6.33 5,76 II —oMo6 AS echene 9.83 35, 27 II +oMor 
De seccetiache 6.35 8,73 II —- 6 TH aha caevecs 9.90 0,114 XY — 10 
Ron euoron 6.47 0,38 Ii =— 3 2 ee Ste 10.37 29, 17 II + 1 
(He Deer 7.05 32,18 II =. «2 Sree 10.44 S55 at II alee 
rss leresaverarocalee 7.52 80, 7 Io SP EAw cere mele 10.54 50, 0 Ir +S 
BFS eretelanaias 7.56 36,12 II + 2 OS soccer 10.73 °, 17 2 —- 8 
Sijocteenaes 8.13 24,34 7 ner | (ee ener 10.89 I7, 30 II —- 2 
BPD siesswincss: 8.26 23,12 6 fe BURG we mesos 11.23 Ey ee 7 + a 
i een ey Onra 8.65 0,31 3 = 07) E95 ceeeniee 11.28 B0s1 70 7 + 6 
Oren 8.81 54,11 7 Bae Pw | et crear Bae 11.89 TL 2 3 ee | 
TOs. Sanuk Q.07 19,46 12 —- 2 IIr 12.06 8, ‘9 2 + 4 
6r 9.21 81,22 13 Se) EO cateecncs 12.28 0.39 3 — 13 
be Ieee 9.53 60, 8 13 + 5 LD ig gra ee ei 12.48 16. 0 2 + 8 
Ore actors 9.80 7,82 II —0.07 Wie aevcren I2.51 °, 30 2 —0.15 
I 


The magnitudes in the second column are taken directly from 
Contribution No. 97. The third column contains the sums of the 
positive and negative deviations for the 11 plates; the fourth 
column, the total number of values; and the fifth, the mean correc- 
tions to the magnitudes in the second column. Thus the first 
correction is (+5—76)/11=—6. 

Neglecting three rejected corrections which exceed 0.3 mag., 
we find for the mean of the 231 remaining deviations +0.065. The 
weighted algebraic mean of the final corrections for the red stars 
is less thano.ormag. This shows that for photo-visual magnitudes 
the color-systems of the 10-inch refractor and the 60-inch reflector 
are identical, and justifies the assumption expressed by equation (2). 

As in the case of Table III, the corrections may be combined 
with the original magnitudes to form revised values. Those finally 
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adopted, like the photographic results, also depend on data drawn 
from other sources and are given in Contribution No. 235. 

In résumé, the investigation with the 1o-inch refractor reveals 
no appreciable error in the photographic scale of Contribution No. 97 
between the fourth and fourteenth magnitudes. The photo- 
visual scale has been examined between magnitudes 6.3 and 12.5. 
A maximum correction of +0.05 mag. near the ninth magnitude is 
suggested, but independent data of higher weight do not confirm 
this result. ‘The original scale is therefore adopted. The correc- 
tions to the magnitudes of Contribution No. 97 for accidental error 
(5 or more values) average --o.03 and -to.o4 mag., respectively, 
for the two scales. The larger corrections for the photographic 
scale are in substantial agreement with those recently found at 
Greenwich by Jones. 


Mount WItson OBSERVATORY 
February 1922 
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REVISED MAGNITUDES FOR STARS NEAR THE 
NORTH POLE 


By FREDERICK H. SEARES 


ABSTRACT 


Revised magnitudes and color-indices for stars near the North Pole-——Numerous 
comparisons with the polar standards have incidentally given extensive material for 
determining the errors affecting the standards themselves. The results for 55 stars 
(Table I) lead to revised magnitudes which are averaged with previously reported 
results obtained with the 60-inch reflector and the ro-inch Cooke refractor to give 
the adopted values listed in Table VIII. This table also gives the corresponding 
color-indices from magnitudes and from exposure-ratios for these and 37 other polar 
stars, all based on the color-system of the 60-inch reflector and the accessory 
equipment. 

Exposure-ratio method of determining color-indices has been previously described. 
A discussion of the results of 177 exposures including stars of photo-visual magnitude 
ranging from 2 to 17.3, indicates that the average deviation of a single determination 
is =o.12 magnitude, about half of which is due to the mean systematic error of the 
plate, and that in general the probable error is about 30 per cent less than in the case 
of a color-index derived by combining a photographic and a photo-visual magnitude. 
Normal points for the calibration curve, color-index as a function of log E, determined 
by observations on 216 stars, are given in Table IV and the adopted values in Table V. 

Differential error between photo-visual and photographic scales of magnitude.— 
Although the exposure-ratio color scale is calibrated by measurements on stars of 
known color-index, systematic errors in the two magnitude scales upon which the 
color scale depends were eliminated by using stars with a wide range of magnitude. 
Hence the exposure-ratio scale is independent of the magnitude scales and may be 
used to test the differential error between them. The data (Table VII) show agree- 
ment to within +o™“o3 from photo-visual magnitude 3 to 17, except for a few stars 
near magnitude 9 for which the mean difference is oMog. 


The following pages bring together the results of several investi- 
gations bearing upon the magnitudes of stars near the North Pole. 
The basic determination of both photographic and photo-visual 
scales is that of Mt. Wilson Contribution No. 97, which depends 
entirely upon observations with the 60-inch reflector. These 
results refer to the color-system of that instrument as used with the 
photographic plates? and a certain yellow filter habitually employed 
in photometric work at Mount Wilson. 

To diminish the effect of accidental errors, the individual 
magnitudes of about fifty of the stars in Contribution No. 97 have 
been combined with a large amount of material obtained inci- 
dentally in connection with an entirely different investigation. 


Astrophysical Journal, 41, 206, 1915. 
2 Seed’s Gilt Edge, 27’s and 30’s, and Cramer’s Instantaneous Isochromatic. 
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The revised magnitudes are on the scale and color-system of 
Contribution No. 97. 

At various times during the last six years numerous measures 
of the colors of stars near the Pole have been made by the method 
of exposure ratios. The method must be calibrated upon stars of 
known color-index, but this can be accomplished in such a manner 
that systematic errors in the magnitude scales upon which the colors 
themselves depend do not enter into the calibration curve. Colors 
found from exposure ratios are thus essentially independent of the 
scale, and may therefore be used to test for differential error between 
photographic and photo-visual scales, since in the mean there should 
be no difference between the colors found by the two methods. 
A discussion of these data shows excellent agreement to the seven- 
teenth photo-visual magnitude, except for a few stars near the 
ninth magnitude for which the mean difference is 0.09 mag. 

Observations made at Greenwich, Harvard, and Potsdam 
confirm the substantial accuracy of the photographic scale of 
Contribution No. 97 to the sixteenth photographic magnitude. 

A recent investigation made at Mount Wilson’ with the 1o-inch 
Cooke refractor affords further evidence on both the scales. The 
photographic scale is again confirmed. The photo-visual results 
are less reliable, but, considered in connection with the measures 
of colors, show that the scale of Contribution No. 97 must also be 
close to the truth. 

These several investigations are combined to form a system of 
magnitudes embodying all the data bearing on standard polar stars 
thus far collected at Mount Wilson. The final results, which are 
on the color-system of the reflector and the accessory equipment 
mentioned above, represent the contribution of this observatory 
to the report of the International Commission on Stellar Magni- 
tudes for 1922. 


I. REVISION TO DIMINISH ACCIDENTAL ERROR 
In determining the magnitudes of faint stars in the Selected 
Areas’ it has been necessary to make a large number of comparisons, 


: *Seares and Humason, Mt. Wilson Contr., No. 234; Astrophysical Journal, 56, 
4, 1922. 


? See recent “Annual Reports of the Director of the Mount Wilson Observatory,” 
Year Book of the Carnegie Institution of Washington. 
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both photographic and photo-visual, with the polar standards of 
Contribution No. 97. Since the comparisons were intended only to 
establish the zero point of the magnitudes in the Selected Areas, 
and not the scale, the exposures were short, 2™ and 3™, respectively. 
They afford, nevertheless, extensive material for the reduction of 
the accidental errors affecting the polar standards themselves. 

We are here concerned only with exposures on the Pole of which 
there are two on each plate. As a part of the reduction, the scale 
readings for these had been plotted against the adopted standards in 
the usual manner. The deviations of individual stars from the 
smooth curves defined by the plotted points represent the combined 
influence of the accidental errors in the standards and the errors 
affecting individual plates. In the mean the latter are accidental, 
whereas the former enter systematically into the observed devia- 
tions from the curves and should be brought to light by forming 
the algebraic mean of a large number of such deviations. 

Table I summarizes the results of this revision. The second, 
third, and fourth columns contain the mean systematic deviation 
for each star, obtained as just explained, and the number of values 
upon which each mean depends. The deviations are the corrections 
required by the magnitudes in Contribution No. 97 to bring them 
into agreement with the results of the polar comparisons. The 
fifth and sixth columns give the revised magnitudes. These are 
means of the values in Contribution No. 97 and those derived from 
the polar comparison plates, formed with weights equal to the 
respective numbers involved. The last two columns give the 
revised color-indices and the total numbers of individual observa- 
tions for each star. 

A few corrections are large and indicate cases of more or less 
serious discordance. Most of these are the result of low weight in 
one determination or the other.‘ For example, the photographic 
magnitude of star 439 given in Contribution No. 97 is clearly in 
error by a large amount and is rejected outright. Again, star 358 
shows a difference of 0.47 mag. in the photo-visual magnitudes. 
Here both determinations are uncertain, and the adopted mean is 

t Note that the numbers of values included in the means in Contribution No. 97 


are equal to the differences in corresponding quantities in the fourth and last columns 
of Table I. 
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TABLE I 
MAGNITUDES AND CoLors DERIVED WITH 60-INCH REFLECTOR 


N.P.C.—Contr. 97 ReEvIsED Macs. anv C.I. 
STAR ERPS ST ae? § 

Pg Py No. Pg Pv CA 

TOE te es as 37, 9 II.00 10.55 0.45 
TOR eae = 8 = 4 DT 183} II.50 Gree 0.38 
IQ. ae S og SS 57554 12.71 12.24 0.47 
20. — 4 + 2 69,60 12.99 T2153 0.46 
Obhs, 6 ate APUG ap © 27, 25 13747, 12.84 0.63 
Damen ce ——2 —12 69,58 T3750 13.00 0.590 
DA Ae ae ap i = 3 44,34 13.93 13.31 0.62 
PASO, Soe + 5 = Y 50,44 I4.10 13.58 0.52 
6 Ae ee = 66,44 14.62 13.69 0.93 
Daehn eee ip AS) —T2 62,12 14.86 14.25 0.61 
DOME: ° + 4 ZOE T5277 14.54 On73 
Che hi ere OW | aretarcions cone 17, 16.41 15.62 ©.79 
ES ike +5 ° Bon 5} Ther 10.06 TOS) 
ioe tro | — 8 |~4a,4s | 12.65 | 12.04 | 0.61 
BE tei SEO | SM ee eo 14.53 13.77 | 0.76 
OSmatn ess ee 14 68,41 14.74 Tea I.00 
HOS perce SEL +25 OD 15.29 14.52 On77 
TES R: — 12 I GA, 1S Xo. 14.35 0.95 
TOS ee eee Tee a oe) 39, 2 15.34 14.67 0.67 
TgSeeeoiers ba fh | Doct 22, 15.52 14.54 | 0.98 
TAS eae reee ap 2 =n 20, I 16.00 15.05 0.95 
TGS ees et Se aS os Oe ion 16.57 TGA 0.86 
TOSweererct: ape MIRE Abc nr Li, 16.86 15.50 1.36 
Dane We Be ap ti apo 43,41 13.22 12.07 1.15 
rw) Pree G6 ue 69,59 13.81 12.47 1.34 
POSSE eee eter inotticlo oom is 15.02 Amo 0.65 
Oy a ene mae SH ACI Ronee oe 14.34 13.31 1.03 
TIO Oe aH HS ig.b Cree ie TSO 14.21 0.98 
aay. Nees Cine ie llosonogec lip 14.41 13.54 0.87 
2 RebtG 6.0) Eo ie +18 3,9 13-72 12.66 1.06 
ei go SE +12 = 2 Bie 38 14.58 13.76 0.82 
Th oar (O: FB (sirens vetovers 1 EARS I5.10 14.57 0.53 
T7 Os hoo tee aiatal 13 5, 4 14.35 13.78 0.57 
DACs veo Sat ais Oi Dey HA 14.90 14.15 0.75 
256 — 4 = fi 28, 8 14.66 13.84 0.82 
Eien SOG 16 ans 49, 4 15-33 | “14.56 0.77 
Bae sees so vl = 5 42, 6 I5.02 14.34 0.68 
Bima: +9 == Wf 14,25 14.46 13.61 0.85 
B20 ees -FIo +19 14,27 14.35 Ton5 0.84 
Ce torte ree rad Fk ap & 51,14 15.20 14.44 0.76 
BsOnrieccceets Te ap 6 5,10 T4273 13.84 0.89 
BAT Ata cteitiek (0) “12 8,15 15.15 14.02 Tens 
SHC Syston = a5 30,35 13-79 I2.05 Tea: 
BBB Ovnehens iovsye + 3 +14 26,11 II.02 10.71 0.31 
Geo woods in © +47 9, 2 15.24 14.34 0.90 
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TABLE I—Continued 


N.P.C.—Contr. 97 RevIsED Macs. anv C.I. 
STAR _ 
Pg. Py. No: Pg. Py. (Ot No. 
S02. ec. 23) 12 —= 5 67,61 13.08 Too 0.81 153,73 
CAE Stee — 2 + 8 64,54 I4.13 12.81 Te) 118,59 
BOOgs Gore) se 8 + 8 48,43 13.61 I2.90 0.71 QI,51 
BOEerrccraen| = 32 — 2 46,32 14.62 13.83 0.79 84,38 
AOD aioe x — 8 +10 2533 14.50 13.70 0.80 61,36 
/ Oe ee 4 +9 27,34 14.49 13.83 0.66 68,37 
YAS ene + 2 +15 20, 26 14.52 Tense Ons 49,29 
HOS ears + 7 + 6 TS) 13.85 13.38 0.47 40,17 
AOE eases) = “I — 2 23,41 1327 12.05 ne 56,46 
eateries, OBL. yl) ccrcktroccave DT sere 14.78 13.49 1.29 Pte Bi 


of little value. Occasionally, a difference is large, although numer- 
ous observations enter into each of the values combined to form 
the revision. Star 22 is an example, with a difference of 0.15 mag. 
The most plausible explanation is a small error in the distance 
correction. ‘The star is at the edge of the useful field; the exposures 
for the polar comparison plates were always the same, while those 
for the original investigation were varied. Errors in distance 
correction tend to neutralize each other in the latter case because 
the photographic image varies in size from plate to plate, whereas 
there is no compensation in magnitudes derived from the com- 
parison photographs. On this account the value from the polar 
comparisons has been given half weight. In general, however, 
the differences are as satisfactory as can be expected from results 
derived with a reflector of large focal ratio. 

It should be noted that the revision concerns only the accidental 
errors affecting the original magiccudes. The reliability of the 
scales is a separate question, discussed partly in Contribution No. 
234 and partly in the following sections of this paper. 


2. COLORS OF POLAR STARS FROM EXPOSURE RATIOS 
The method of exposure ratios for measuring a star’s color has 
been described briefly in previous communications.t The term 


I Mt. Wilson Comm., Nos. 33, 38, 59; Proc. Nat. Acad. Sct., 2, 521, 1916; 3, 29, 
1917; 5, 232, 1919. The second of these contains provisional results of the investi- 


gation discussed in this section. 
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“exposure ratio” is used to designate the logarithmic ratio of 
exposure times (symbol, log £) which produce blue and yellow 
images of the same size. This quantity can obviously be used as a 
measure of color. 

Experience shows that for a given star the values of log E from 
plates of the same emulsion are nearly constant. The systematic 
differences in the means from groups of 5 or 6 plates each are usually 
negligible. Observations are now generally arranged in such a way 
as to check, if not actually determine, the zero point for each plate, 
but in the beginning a direct control, beyond that of accordance 
with other plates, was not ordinarily applied, the errors being 
minimized by multiplying the number of plates. In the case of 
bright stars, which must be observed individually, it is now custom- 
ary to photograph several objects on the same plate, which greatly 
facilitates the reduction to a homogeneous system. In so far as 
possible, the same emulsion was used in all the earlier measures. 
When a change became necessary, the constant for reduction to a 
uniform system was carefully determined. 

To translate values of log E into color-indices, which is an impor- 
tant step in giving them physical meaning, stars of known color- 
index must be measured. Inasmuch as the stars in the polar 
region are the basis of the Mount Wilson photometric system, 
they have been extensively observed for this purpose. ‘The result- 
ing data give not only the desired relation between color-index and 
log E, but also an independent determination of the colors of the 
individual stars. The exposures for the yellow images range from 
8° to 64™, and results are now available for an interval of about 16 
magnitudes, the lower limit being approximately 17 of the photo- 
visual scale. The details of interest in the present connection are 
as follows: 

Series a.—About 150 plates; yellow exposures mostly 16° and 
32°, on stars brighter than the eleventh magnitude, ob- 
served with images of standard size. A few plates of longer 
exposure extend the series to the thirteenth photo-visual magni- 
tude. 

Series b.—Nine plates with yellow exposures of 128°. The 
faintest stars observed are of about the fourteenth magnitude. 
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Series c.—Three plates with yellow exposures of 8™, three of 10”, 
and two of 30". The limiting magnitudes range from 15.5 to 16.9. 

Series d.—Nine plates with yellow exposures ranging from 8° 
to 5™. Only 17 stars between 9.0 and 12. 5 were included, however, 
because the longer exposures were made with reduced apertures. 
This group of plates, along with several others included in the vari- 
ous series, was made under unusual conditions to test various details 
of the method which are of no interest in the present connection. 

Series e.—Four plates, each including 10 to 15 stars brighter 
than the tenth magnitude, observed individually with yellow 
exposures of 8° to 32° and a standard size of image. In addition, 
observations with yellow exposures of from 325 to 128° were made at 
the beginning and end, to include stars between magnitudes 10.0 
and 12.5. The results supplement and strengthen those of series a. 

Series f—Two plates with yellow exposures of 64™ each. The 
limiting magnitude is 17.3 photo-visual. 

Lack of space prevents a detailed presentation of the reduction 
of these data, which has involved much time and several revisions 
as the results have accumulated. The discussion is therefore 
limited to a general statement of procedure, with extracts from the 
reduction sheets showing the accordance attained, supplemented 
by a collection of results, made particularly from the standpoint 
of their bearing on the magnitude scales. 

The earlier observations were restricted to stars brighter than 
the eleventh photc-visual magnitude, because of the ease with which 
certain systematic errors could thereby be eliminated. It is well 
known that a photographic image produced by yellow light usually 
grows at a different rate from one produced by blue light; the value 
of log E therefore depends to some extent upon the size of the 
images from which it is derived. Differences in photographic 
gradation for light of different wave-lengths seem to depend upon 
a number of factors. In practice these are hard to control, and 
the most satisfactory results are obtained when the observations 
are arranged in such a way as to eliminate the disturbance or to 
permit its determination for each plate. 

In the case of the preliminary measures this was accomplished 
by reducing all the stars to a standard intensity with the aid of 
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screens and diaphragms and by using an essentially constant series 
of exposures throughout. Those for the yellow images were 16 
and 32 seconds, although a few photographs with exposures ranging 
from 1 to 4 minutes were subsequently added. ‘The latter gave 
results for bright stars already observed with short exposures, as 
well as for fainter stars, the overlap being sufficient to determine 
the zero-point and the correction to be applied for gradation. In 
practice the two corrections were combined. The differences in 
log E for stars within the overlapping region, when arranged in 
order of photo-visual magnitude, define a curve which could be 
extrapolated for an interval of one or two magnitudes without 
danger of sefious error. 

The discussion of the data of series a carried the results to the 
thirteenth magnitude. To extend them to still fainter stars, the 
procedure just described was applied in succession to the plates 
of series 0, c, and f in the order of increasing exposure time. Series 
d and e, which control and strengthen the results of series a, were 
inserted and reduced in the order indicated by the series notation. 
The adopted values of C,, the color-index derived from log EZ, and 
the number of determinations upon which each depends are given 
in the eighteenth and nineteenth columns of Table VIII, although 
results for a few stars, mostly of low weight, not included in the 
final collection of data, appear in Table VI. 

The plates of series f show many faint stars for which individual 
results are not printed, although the means for groups of these 
stars appear in some of the statistical comparisons (see Table IV, 
for example). 

The question as to how much the values of log E for faint stars 
have been affected by errors incident upon the extrapolation of the 
correction curve for gradation isimportant. The results for a single 
plate are systematically in error by small amounts at least; but for 
a series of plates these errors become accidental. An examination 
of the residuals for series c, in the interval 14.1 to 15.7, shows that 
the effect on the mean must be small. Although some of the plates 
of series 6 contribute results for two or three stars falling within 
the interval mentioned, the gradation curves for series ¢ are in fact 
extrapolations from 13.7. The systematic deviations of individual 
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plates from the mean, expressed in hundredths of a magnitude, 
are 


Systematic deviation — 9 —,r —8 +6 +8 +4 —5 +10 
INONOFSLATS.. Sy. 6. 13 13 20 at 19 16 5 4 


The average is -+o.064 mag., whence the probable value of the 
systematic error in the mean color-indices derived from log E for 
stars in this interval is of the order of 0.02 mag. This could 
have been depressed to a still lower value by adding more plates, 
but the precision is sufficient for the present purpose. 

As a further indication of accordance, it may be added that from 
the same data the average deviation for a single value of log E, 
including systematic errors, corresponds to -ko.118 mag. For stars 
in the interval between the tenth and thirteenth magnitudes, on 
the other hand, the agreement is as shown in Table II, which 
compares the mean results for each star as derived from series a 
toe. The table gives the deviations in log E in units of the third 
decimal and the number of values upon which each difference 
depends. There is here little evidence of residual systematic 
error; and since o.or1o in log E is equivalent, on the average, to 
0.028 mag., the accidental deviations are also satisfactory. The 
combined effect of both types of error is indicated by the average 
of the 43 deviations based on 7, 8, or 9 observations each, whose 
value is 0.013 in log E, or -+-o0.036 mag. 

Finally, an examination of some of the bright stars in series a, 
which were observed individually with a standard size of image, 
throws light upon the fluctuations in the relative blue and yellow 
sensitiveness of different plates. Since for these stars no attempt 
was made to determine the zero-point correction for individual 
plates, the average deviations include the full effect of this error, 
combined with the accidental error of estimating the value of log E. 
Further, the mean log E usually depends upon two or even three 
different emulsions. The results have been referred to a standard 
emulsion, but the reduction constants are affected by an uncertainty 
which also enters into the average deviations. 

The results for 15 of these stars which have been extensively 
observed are shown in Table III. The second and third columns 
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give the number of plates and of emulsions used. In every case 
the observations extend over a period of more than a year, and many 
of the later measures were made with the original emulsion with 
which the observations were begun. There are small systematic 


TABLE II 
DEVIATIONS IN LOG E FOR DIFFERENT SERIES 
Unit =o.oo1 in log EZ; No. of Values in Parentheses 


SERIES 
Pv. 
STAR AGs 
a a b c d e 

eae eee .90 |— 5 (31) | —zz (9) | +25 (3) | + 6 (0) | +30 (8) 

fs eee 10.06 0).(35) rr 15 46) o (4) |= 2 (9) | 85 @) 
Tianhe ees 10:37. —=<'ri (ra) Ot) lee certer aie lee eae tee | ee eee 

Sree sey TO.44e||— © (rs) tero: (6) etitfea 7 (5) | meena | eer 
Prey Sree ee 10.55 |+ 6 (24) | +23 (o) | — 5 (7) | +16 (9) | —so (6) 
Lane gust anss 1o.7r |— 8 (24) | — 5 (7) | +11 (3) | +16 (o) | +26 (6) 

Gsete ones 10.73 |-+r0 (12) | +21 (8) | — 6 (6) | —23 (7) |.......... 
TSW. het 10.89 |+ 5 (15) | +23 (6) | —12 (6) | — 9 (9) |.......... 
OMe eee are IT.2t) |—32°(3)) | — a) (8) 16 (8) (0) lee 
TT ese A T1s28 |—=284(66)» |\e—e5(@) a= 530 (0) been ee see 
TSe cee te T1280 *4|—16. (4) 2— or (ON == 25 (8) aol cere eee 
CU Oa, BE toe es 12.05 |— r (11) | —1o0 (7) | —36 (2) | +52 (3) J+ 24 (4) 
TN Many Ae eee ss 12.07 |— 3 (15) | +17 (9) | — 6 (8) | +127 (5) I-99 (4 
DO re Scts ea OEeE 12.05 |—63.( 5B) i =.6.1(8) |/=- 10. (8)) | — SG) | eee 

Fe a el cathe 12.04 |+ 5 (18) | +2zz (9) | +14 (7) | —30 (6) | + 2 (6) 
Wy Pit eee Oe c T2521 sel ee eee 4.95. (a). | e282) lee cen al nee eee 
Oe Ur Hanae 12:24. |--26 (6): | =—"@ (9) 1 = 0) (8)) Viera (5) eer 
1 a 12. 37/014e17) G9) @ (6) 27 (8) 1h Gas) teagan) 
EST ocean. 2) AUT ie en ees He32:'(9); <In'—1O.0(8) Nese ae | see 
Pea BAS Ciao Pi TOCASIS Inetroe aee =" 4. (6) |. ETah (SM ees oo lee eee 
BORN aes 12.53 |+2r (18) | —23 (8) | —17 (8 +42 (5) | —37 (4) 
Tihs pence are TOON | tis. as epee “37° (3) S11) — O. (S)ruliscae cence | eee 
BUS Mater tae T2.SE 5, |--19" (40)! |=. 86) en | — 24 (Sn eens | eee 
Dia a Waans pape Re Roa th AHN AL eaten 8 OPCS SSeS (8) 0 hee ceiechedeee| ae eae 
CY Siar veraes cles T2SQOnmer ieee etc CA MINS of fo0n (si) el inarnsoeinlle es eandcsic.c 
Dre ARG Fe5 E300) i -}2075 (3) s tate S(O) sles? (8) pe ree eee eee |e ec 


differences affecting groups of plates of nearly the same date, but 
little evidence of actual changes in the color-properties of an emul- 
sion with increasing age. The average deviations for a single plate 
in the fourth column show considerable fluctuation; their mean is 
=to.106 mag. From other evidence it seems likely that this error 
is to be about equally divided between the neglected plate constants 
and the uncertainty in estimating the value of log E. 

As mentioned above, it is now customary to determine the 
plate constant by comparison with standard fields, either directly 
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or indirectly, which increases the precision appreciably. The 
results just discussed show, however, that even when the variations 
in color-sensitiveness from plate to plate are neglected, the exposure 
ratios lead to values of the éolor which are at least comparable in 
accuracy with those found by other methods of direct color- 
measurement. ‘The errors given above are of the same order, for 
example, as those affecting individual magnitudes in the general 
run of photometric work. The uncertainty of a color-index 
derived by combining a photographic and a photo-visual magnitude 


TABLE III 
AVERAGE DEVIATION IN Cotor InpEx. BricHtT STARS 

Star No. Obs. | No. Em. A.D. Star No. Obs. | No. Em. A.D. 

mag. mag. 
0 ee 23 2 +=0.135 Tes cistern 16 2 +=0.124 
Li a 14 I .092 IP 13 I .I19 
Ewe catiorn tie 24 2 .084. ST eiyeysioee s 9 2 .093 
1S eee 15 oat .097 OE ae Ay ver 31 2 .099 
FAO PONE 18 2 . 105 SPs oveleciett 15 I .072 
Uf ee oe 30 3 .007 TORS eyes 8 I .138 
SSiratstafeers 35 2 ~EL DUD se oredsisier I5 2 =0.155 

OStre es I2 I +=0.062 


should therefore be greater than that of a value from log £ in the 
tatio of about 1.4 to1. ‘This is a fair statement of the advantage 
of the method of exposure ratios from the standpoint of precision. 

The calibration curve for the transformation of log E£ into 
color-index has been revised several times. The first approxima- 
tion, which differs little from the adopted relation, was obtained 
from series a by first arranging the mean values of log E for each 
star in the order of increasing color-index as given in Contribution 
No. 97 and then forming the means of log E and of color-index for 
groups of stars within narrow limits of color. Accidental irregular- 
ities were eliminated by plotting the results and drawing a smooth 
curve. This curve represents the relation by means of which 
values of log E may be expressed in the customary form as color- 
indices. 

Since most of the groups include stars scattered over a wide 
range in brightness, the errors in the photographic and photo-visual 
scales, which of course appear in the color-indices, are almost 
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completely neutralized. In the present case, in which the scale 
errors are known to be small, their effect upon the mean relation 
between color-index and log E£ is negligible. Values of the color 
calculated from log E should therefore be free from errors in the 
scales, and when compared with the original color-indices arranged 
in order of increasing magnitude must bring to light any differential 
error in the scales themselves. 


TABLE IV 


NormAL Pornts FOR RELATION BETWEEN COLOR-INDEX AND Loc E 


Cm log E 0 Py. Interval No. Stars 
mag. mag. 
OuOAGE aimee easiest ners 9.040 +0.03 ages ts: 8 
Op 2Oer roe eee . 109 =e 5.6-10.6 8 
ORAS rlpisiesieceae Geet . 186 + 2 DTT 2 45 8 
Ot oston chien emcee . 229 — 1. 5 eee eet Bs Io 
CORKOr Jel Beers Se oi aie .268 ° I0.7-16.9 15 
oR Ais eae eae ar sGutioy + 10 I5.5-16.8 I5 
© OT sadn secant oes - 299 = &§ PZ a5 GO 22 
On SSieckiaclacica ees SR Oy + 7 TS 5 EO 15 
OIRO ts Feel o OIA . 389 = ne 8.3-16.3 18 
OnGO ME oie cose rae ea Ose = # 14.8-17.0 15 
EE OO lsh eters one Mette PAT + 2 I5.2-17.0 15 
Hap oe IVER An ere Ae .410* —- 7 I§5.5-17.0 15 
Te LO we eoeetens eerste ny ee : = I g.2-16.0 17 
TORE Ge ee ee .464* + 1 15.6-17.3 15 
EASA tc rie eo neers .485* <1 9 ES. £27.23 15 
TEX Oh Wee aan tt SEs eon 9.546 —o.08 certo 70 5 
DUT Ae, eieiass shaverer| egret & gree heeet nse en are Ie ees eee | ec 216 


* Supplementary faint stars from series f. 


To obtain the last approximation for the reduction curve, the 
method just described was applied to the data from all the series 
as summarized in Tables VI and VIII, including the slight revisions 
of color-index given in Table I. The results are shown in Tables 
IV and V. The former gives the normal points and their represen- 
tation by the adopted curve in Table V. Table IV also gives seven 
supplementary points based upon 105 faint stars between photo- 
visual magnitudes 14.8 and 17.3, which appear only on the two 
plates of long exposure in series f. Although of much lower weight, 
these points show substantially the same change in log E with color- 
index as the brighter stars. The average deviations of the two 
series of normal points in Table IV from the adopted curve are 
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-ko.026 and -to.0o49 mag., respectively. The average for the 
points in the first approximation, referred to the final curve, is 
0.028 mag. This approximation, it will be recalled, was based 
exclusively upon series a, which includes only stars brighter than 
the thirteenth magnitude. The large residual of —o.08 for the 
last point in Table IV arises mainly from the star 345, magnitude 
12.05, which, in view of the numerous measures, is seriously dis- 
cordant. (See Table VIII, last column.) No explanation suggests 
itself, except possibly systematic error in the estimates caused by 
the proximity of the brighter object, No. 350, magnitude 10.71. 


TABLE V 
Cotor-INDEx AND LocaAriTHM OF ExposuRE RATIO 
5 | = a 
Cx | log E Dif. Le in) ol log E Diff. lh hes in 
=—EO—————————E 
mag | mag. mag. mag. 
Re ia ss 8.940 O-020 Se HOrGnprurale 9.315 0.028 
noe <a. 9.015 S027 6 Ue Li O.s.> hore 9-385 -030 
= ee ae 9.090 EO2T7 Ep Des oe oe 9.450 BOF 
Oates ado 5 9.165 -027 || I.4......+. 9.513 -033 
on Pie eee 9.240 .027 E-Ose se 9-573 -034 
OPO sis on 9-315 0.028 | Ato Pe A ae 9.632 0.035 


The absence of blue stars from the fainter objects is noteworthy, 
and confirmatory of earlier results. Among the supplementary 
stars from series f there is none with a color-index less than 0.6 mag. 

From the ordinates of the adopted relation between color-index 
and log E given in Table V, it appears that the curve is nearly 
linear. The zero-point for log E is of course arbitrary. For com- 
parison with the provisional relation between log E and spectral 
type given in Figure 1, Mt. Wilson Communications, No. 59,‘ a 
correction of —o.0o7 must be applied to the values of log E in 
Table V. This comparison leads to a result of importance, namely, 
the relation of the color-indices of the Mount Wilson photometric 
system to spectral type. Provisional values of the equivalents 
are listed in Table XII, Contribution No. 226. Detailed results 
and revised equivalents will be given in a later paper. 

The data of Table V were used to calculate the color-indices 
for individual stars whose values, C., appear in Tables VI and 

t Proc. Nat. Acad. Sct., 5, 232, 1919. 
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VIII. Subtracted from the values of C,, found by comparing 
photographic and photo-visual magnitudes, these lead to the 
differences in the last column of the tables. These differences 
should be judged in connection with the number of separate deter- 
minations of the photographic and photo-visual magnitudes 
(sixteenth column, Table VIII) which enter into the observed 


TABLE VI 


OBSERVATIONS OF COLOR 
(Stars not included in Table VIII, mostly of low weight) 


Contr. 97 Exposure RATIOS 
No. C=C 
HA.48 f m~ ~e 
Pg CF No. C, No 

1:2 Ouse ateaceay eae 15.58 0.93 755, af 1.08 2 —Ts 
T 30 ssrestsyoe cs: I5.30 TE neyl 27, I.20 4 +14 
TAD Nacrwatevenove 14.60 0.89 2k 0.72 5 +17 
TAB i eens 16.35 0.84 Gig 0.68 7 +16 
TAO seems 14.52 0.96 2510 0.62 5 +34 
EG Ale cteveuels 14.95 0.59 sn0 0.48 5 +11 

LG On achesces I5.20 0.70 16, 4 0.79 3 _ 
TOS brett Tels 1.20 jy et 0.82 3 +38 
TOA eters 16.02 0.99 18, 5 0.86 3 +13 
D7 Qiarararte aears anos 1.61 Pipe 1 1.38 4 23 
ZOD cores 16.12 0.71 yi Ue 0.78 3 Sy) 
Plein mais Meee 15.07 0.89 Tite Zl 0.78 2 Stalee 
STA epee 15.39 On7 O5n7 0.48 3 +25 
CBIR i ete Cee I5.47 7S Oss 1.34 @ +44 
DLOisrsaranne es 15.47 1.36 Lice 1.38 Io = 6} 
25 Oiesvarie aaa 16.07 0.85 6, 4 0.64 _ 3 +21 
Dio aera Seam 14.87 37 DXB. fe 1.24 4 +13 
20 Gianna TSS 0.64 Bea & 0.66 8 ia? 
ECMSpacaoo nr 16.23 0.66 20,92 0.74 3 — 8 
BBO mace cis: 14.92 0.95 2055 On 7; 5 +18 
CVS cenn ct Ace 14.86 0.77 205953 0.64 5 +13 
Glennie sous 15.78 I.30 Ps. B E20 3 Si) 


color-indices, and of C, (nineteenth column). Well-observed stars 
usually show a satisfactory agreement, although there are some 
unexpectedly large values. The case of No. 345 (12.05) has 
already been mentioned. No. 427 (also 12.05) should also show 
better agreement than it does. A similar difference for No. 172 
(12.24), on the other hand, is not at all surprising, and this is also 
true of the four differences approximating 0.4 mag., all but one in 
Table VI. These latter results might have been rejected at once 
because of uncertainty, but they have been retained to show that 


144 


MAGNITUDES FOR STARS NEAR THE NORTH POLE 15 


the values already published in Contribution No. 97 are open to sus- 
picion. Superficially, one would expect a smaller difference for 
star 2 (5.28); its case is exceptional in that the values of log E for 
series a@ and e are discordant by about 0.4 mag., owing probably 
to an unfavorable combination of neglected plate constants. The 
persistent negative sign shown by the Polar Sequence stars near 
the fifteenth magnitude disappears when the differences for the 
H.A. 48 stars of the same brightness, in the latter part of Table VIII, 


TABLE VII 
CoMPARISON OF CoLoR-INDICES FROM MAGNITUDES AND FROM ExposuRE RATIOS 


SERIES @ SERIES a-f 
Pv. Mac. SS ern; an aL 
C= C, No. Stars No. log E Co C, No. Stars No. log E 
mag. mag 

BObests cnh. +0.02 2 42 —0.03 2 46 
eet ye ccuc.a'e + 3 4 21 B 4 36 
OMS Bisco oe ° 5 14 ° 5 34 
SRO si s-< = & 5 25 = by 5 39 
Cao Secor = 6 65 = ©) 6 103 
POCA aevsiorts Se : 5 II2 — aL 5 217 
GOES? ee + 1. 6 51 — ec 5 143 
Eat. +0.04 8 109 a 6} 14 379 
Raa RUC etal ley ency ct cave eo ia |'o MS Sale Pads, aie Usi|lasere ose maepevere Se 8 29 216 
TRL So. Sacer che Rea TRE OR SE [OR Re REN Saeco = 7 28 167 
Se ASM ra lye at-ato\ slat sates toros 6 ips obelens od Siete = fh 40 105 
OMS RAE rece ac ala aetna [e's Sactentoute a Ci‘ 31 68 
SUR NRMP Livia cat cea dias al aceum vovavay-« elilte? <tr, 3a suber —0.02 49 59 
SSCLENIS eevee aiadere sterile, ct 4I PLOW © Wow cach Oia 216 1,612 


are also taken into account. The systematic difference near the 
ninth magnitude is discussed in the following section. 


3. CORRECTIONS TO PHOTO-VISUAL SCALE 


It should be repeated that the two methods of deriving color- 
indices are independent, and that the values obtained from log E 
are essentially free from differential errors in the magnitude scales, 
as may be seen from the limits of brightness for the stars included 
in the normal points of Table IV (fourth column). The values 
of the differences C,,-C., when combined into means for groups of 
stars within narrow limits of magnitude, should therefore indicate 
the relative error in the scales. Since the photographic scale may 
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be accepted as substantially correct, it follows that the means may 
be regarded as corrections to the original photo-visual scale of 
Contribution No. 97. 

Table VII shows the results found in this manner, both pro- 
visionally from series a and finally from the data in Tables VI and 
VIII supplemented by the faint stars appearing in series f alone. 
The means depend upon weights approximately proportional to the 
number of values of log E, unless C,, is much less reliable than 
usual. Technically, this is not the best method of procedure, but 
practically the final differences are little affected by the system of 
weighting or the grouping. It is noteworthy that the provisional 
corrections to the photo-visual scale given in the second column of 
Table VII, as far as they go, are in close agreement with those in 
the fifth column based upon much more extensive data. 

With the exception of differences of —0.07 and —0.09 at magni- 
tudes 8.0 and 9.5, the corrections are insignificant, and show that 
within very small limits of error the photographic and photo-visual 
scales of Contribution No. 97 are mutually consistent as far as the 
seventeenth photo-visual magnitude (about 18 photographic). 
The two discordant points indicate a small local systematic error, 
but its source cannot certainly be located. 

The investigation with the 1o-inch refractor’ makes a negative 
correction to the photo-visual scale rather improbable. At the 
same time, the exposure-ratio observations are not very uniformly 
distributed, and some of them may be systematically affected by 
neglected plate constants. For the present it seems best to let 
the magnitude scales stand as they are, and to regard the results 
from exposure ratios as a check which establishes the mutual 
consistency of the scales within a few hundredths of a magnitude. 


4. COLLECTION OF RESULTS. ADOPTED MAGNITUDES 
The various results on the magnitudes and colors of stars near 
the Pole can now be brought together and combined into means. 
These results include: (a) the original determination in Table IX 
of Contribution No. 97, made with the 60-inch reflector; (b) the 


t Loc. cit. 
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determination with the 1o-inch Cooke refractor, in Tables III and 
VI of Contribution No. 234; (c) the revision for the reduction of 
accidental error, discussed in section 1 above; and (d) the values 
of the color-indices found frém exposure ratios. 

Assuming the photographic scale of (a) to be correct between 
magnitudes to and 15, (6) confirms the photographic scale of (c) 
between magnitudes 6 and 14, and the photo-visual scale between 
6 and 12; (d) shows that the two scales are mutually consistent 
to the seventeenth photo-visual magnitude, with a maximum differ- 
ence of 0.09 mag. at the ninth magnitude. 

The essential details of the combination of these results are in 
Table VIII. ‘The stars of the Polar Sequence, arranged in order 
of photographic magnitude, are given as far as Nos. 35 and 16s, 
where the revisions cease. The latter part of the table includes 
30 additional stars in order of the H.A. 48 number. 

The data in the first three and the eighth and ninth columns are 
copied directly from Table IX, Contribution No. 97. The results 
from (0) are in the fourth and fifth, and tenth and eleventh columns, 
and have been transcribed directly from the last two columns of 
Tables III and VI, respectively, of Contribution No. 234. Those 
from (c) are in the sixth and seventh, and twelfth and thirteenth 
columns, and have been taken from Table I above. The algebraic 
signs are such that when the differences are added algebraically to 
the magnitudes of Contribution No. 97 they give the results of the 
various revisions. 

The final magnitudes are in the fourteenth and fifteenth columns. 
These are the means of the results in columns two to seven, and 
eight to thirteen, respectively, weighted according to numbers of 
values involved in each, excepting that the polar-comparison 
values for star 22 have received half the usual weight. Resulting 
color-indices, C,,, and the total numbers of observations are in the 
sixteenth and seventeenth columns. The results from exposure 
ratios in the eighteenth and nineteenth columns have already been 
discussed. 

With the exception of the stars in Table IX of Contribution 
No. 97 not included in the revision, which stand as they are, 
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Table VIII above summarizes all of the work done at Mount Wilson 
on the magnitudes and colors of stars near the Pole. The table 
itself gives little indication of the labor which lies behind it, the 
great burden of which in the measurement and reduction of the 
plates has fallen upon Miss Richmond and Miss Joyner of the 
Computing Division. I am deeply indebted to them for their 
part in an investigation which could not have been completed 
without generous assistance. 


Mount WILson OBSERVATORY 
March 1922 
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COMPARISON STARS FOR NOVA PERSEI, NO. 2 
A CORRECTION 


Father Hagen has called my attention to an error in the identi- 
fication of one of the comparison stars for Nova Persei, No. 2, 
whose magnitudes are given in Mi. Wilson Contr., No. 192; Astro- 
physical Journal, 52, 183, 1920. The star in question is No. 57 of 
his sequence. An uncertainty in the position and brightness was 
noted during the measurement of the photographs, but was over- 
looked when the MS was prepared several months later. 

The confusion arose from the fact that the declination co- 
ordinates of stars 57 and 62 (+12.6 and +11.5, respectively) are 
interchanged in the Chart and Catalogue of Father Hagen. The 
star actually observed here is close to the catalogue position of 
No. 57, but is much fainter than that object. Neither No. 57 nor 
62 has been measured on the Mount Wilson photographs; the 
former, in fact, is just outside the limit of distance from the center 
of the plate usually adopted. The visual magnitudes on the Mount 
Wilson scale are readily found, however, by reducing Father 
Hagen’s values to that system. The results are 


No. 57 12.72 No. 62 12.8 


F. H. SEARES 
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Contributions from the Mount Wilson Observatory, No. 236 
Reprinted from the Astrophysical Journal, Vol. LV, pp. 354-350, 1922 


NOTES ON IONIZATION IN THE SOLAR ATMOSPHERE 
By HENRY NORRIS RUSSELL: 


ABSTRACT 


Ionization in the solar atmosphere.—The effect of absorption of photospheric radiation 
by atoms in the sun’s atmosphere should be to increase the degree of ionization, both 
directly, by shifting an electron into a position from which its removal is easier, and 
probably also indirectly, when enhanced lines are absorbed, by getting the ionized 
atoms into states in which they are less likely to combine with electrons. The effect 
should be relatively strong in the case of barium and weak or absent for sodium, and 
this may explain why Ba is more highly ionized in the sun than Na although their 
ionization potentials are the same. However, the abnormally high degree of ionization 
of lithiwm cannot be explained in this way and may be associated with the greater 
width of the spectral lines, due to the thermal agitation of so light an atom. In the 
case of manganese the behavior of the lines agrees well with what would be expected 
from its ionization potential alone. 

Lines of barium and rubidium present in the solar spectrum.—Twenty-three Ba 
lines are more or less certainly present and are tabulated. All the strong lines arise 
from the ionized atom, but a few faint lines of the neutral atom are also probably 
included. Three enhanced lines of Rb are present though faint. 


The following remarks may be regarded as extensions of the 
writer’s recent paper, “‘The Theory of Ionization and the Sun-Spot 
Spectrum.”? The ideas on which they are based grew largely out 
of conversations between the writer and Professors K. T. Compton, 
of Princeton, and F. A. Saunders, of Harvard, to both of whom he 
desires to acknowledge his indebtedness. 

1. Barium.—The spectroscopic behavior of this element indi- 
cates that it is ionized to a much higher degree in the solar atmos- 
phere, and even in the spots, than would be expected from its 
ionization potential, which is substantially identical with that of 
sodium. 

The statement in the previous paper, that none of the lines of the 
neutral barium atom appear in the solar spectrum, is incorrect, 
for the second line of the principal series at 3071 is faintly present, 
although the first (at \ 5535) is absent or excessively faint, and 


t Research Associate of the Mount Wilson Observatory. 
2 Mt. Wilson Contr., No. 225; Astrophysical Journal, 55, 119, 1922. 
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King? records that a number of lines belonging to the fundamental 
series of triplets,’ which are very diffuse in the arc, but sharp in the 
vacuum furnace, are present in the sun, though very faint. Table I 
gives a list of all those barium lines which can be identified with 
tolerable certainty in the solar spectrum. ‘The first three columns 


TABLE I 


Lines OF BARIUM IN THE SOLAR SPECTRUM 


Arc SpEcTRUM (KING) Sotar SPECTRUM (ROWLAND) 
HU t 

LA Int. | Class 4 Origin | Int An Notes 
Z0717502. 380) LOO III 1.662 | Ba 00 | —0.044 (1) 
BSorayoose meer 50 V TOS el) eee o}| — .or2 (2) 
BOOSHOS3 ree te 30 Til 5.769 | Ba? 000 | — .oI0 (3) 
AES OLOS ote 80 Vv 0.804 | Ba 2| — .036 (2) 
AEOORO2 7 eee 20 Vv 6.161 | Ba o|] — .o18 (2) 
A524.0404 2.502. 35 V S ETOs see eee o}] — .004 (4) 
AGCANOs Om ene tooo R II Higoheee|| lsyei 8] + .003 (5) 
AO O83 23 \varera eras I5N IV es Soke ov =<" O07 Pil esjtimns 

4.214 See 

4034-000 Aen 700 R II 14 ay) Ba las .027 (5) 
S207 018 ear ee 20 IV? VOSS alee AO O06! -=1 OOS alterna 
BOSS OOO ere 200 Til 3.902 | Bae 5 =" £000), }s.)amegee 
OUATin 7] OOlLp tenets 600 R Ill 1.938 | Fe, Ba 7 =" 032'-| Saceetoes 
6496.902....%... 600 R III 7.128 e 4| +0.013 (6) 


BOOS 6305 cee 80 If 3.616 | Bar oo N}| +0.065 (3) 
TRO GI Vhs bra a6 6 20 if 2.560 | BaP ° =" 041 | ec crte 
AONE O CURE eo 0 100 II BRAT AM ba o0N == 9554h) |e 
ABSOnS 7 Steen 80 Il 0.550 | BaP oo NF -S ores cement 
ASOSROZO. ees 40 II 6.259 | Bae 0: Ni =f 0561] ees 
AMpfevonetel te cick ae 40 II 3.960 | Bape 000 =) JOOT: samen 
MT Ko CVs an 6 ace 65 IV? e200 50 eds deal 2 |(— .055)} (4) (7) 
GOLOsSOS serra I00 II 9.596 | Ba? 000 =) 027) | eee eke 
GTTOASOSia ewes 300 R II TROOS Hla sere 0000 =>) OO4y as eee 
OS05 385i vars 125 I Beh OOL bw ean 0000 —1-O1 OLON| cere 
NOTES 3 

1. Second member of the principal series of neutral atom 1s~3p. 

2. Second member of diffuse series of enhanced lines 2P-4D. 

3. Part of first member of fundamental series of neutral atom 3d—4f. 

4. First pair of sharp series of enhanced lines 2P-3S. 

5. First pair of principal series of enhanced lines rS-2P. 

6 


. Rowland gives this as aniron line: but the line in question is at 6496. 462 (I.A.) 
according to Burns. The solar line is probably due to barium. 
7. The barium line, if present, is masked. 


* Mt. Wilson Contr., No. 150; Astrophysical Journal, 48, 13-34, 1918. 
2 Saunders, Astrophysical Journal, 51, 25, 1920. 
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give the wave-length in I.A. from the measures of King or Schmitz, 
the intensity in the arc, and the temperature class; the next three, 
Rowland’s wave-length, origin, and intensity; and the next, the 
difference AX between Rowland’s wave-length and the laboratory 
value after the application of St. John’s value of the systematic 
correction. 

All the high-temperature lines of King’s classes IV and V, which 
are of intensity greater than 20 in the arc, appear in the solar spec- 
trum, while numerous very strong low-temperature lines of classes I 
and II and intensities from 200 to 1000, are entirely absent. Most 
of the lines which are certainly present are well-known enhanced 
lines. ‘The strong lines at 5853, 6141, and 6496 constitute, accord- 
ing to Saunders," the first member of the diffuse series of enhanced 
lines, and are analogous to Ad 8662, 8542, 8498 of calcium, but 
reversed in order of wave-length. They are unaffected in the spot 
spectrum. The enhanced lines of the sharp series appear to be 
faintly present, and not absent, as stated earlier. 

It appears, therefore, that neutral atoms of barium are probably 
present in the solar atmosphere, in a proportion which, though very 
small, is not insensible, as was stated in the preceding paper. The 
conclusion that barium is very highly ionized in the reversing layer, 
and even in spots, is confirmed by the re-examination of the data. 

The conspicuous difference between its behavior and that of 
sodium remains to be explained. The solution of the puzzle prob- 
ably lies in the fact that two ionizing agencies are certainly at work 
in the solar atmosphere—the temperature of the medium, and the 
radiation poured through it from the hotter photosphere below. 
Only the first is taken into consideration in the equations of Nernst 
and the theory of Saha, and, if it alone were active, there would be 
very strong reason to expect that the percentage of ionized atoms 
would be the same for the two elements. It is easy to see, however, 
that the second must create a difference of the sort which is observed. 

Consider a barium atom which has just become ionized. Its 
first (or most easily removable) outer electron is lost; the second 
will be in the normal state of least energy content, denoted by 1S. 
In this condition it will immediately recombine with an electron 


t Unpublished. 
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which meets it under suitable conditions. But, if photospheric 
radiation (AX 4934, 4554) falls upon it, it will absorb energy and 
the second electron will be lifted into one of the pair of positions 2P. 
If, after this, the charged atom meets a free electron, it is not so 
certain what will happen. It may be that it cannot recombine at 
all unless the second electron is in the normal position. If it can 
do so, the energy corresponding to the shifting of the second electron 
and the binding of the first one would have to be radiated. If 
this was done in a single quantum, the frequency would correspond 
to a “combination”? between terms of the series of ordinary and 
enhanced lines, and such combinations have never been observed. 
Leaving aside the more delicate question whether the atom could 
emit two quanta at once’ from different electrons, it appears prob- 
able in any event that the Ba+ atom with its second electron in 
the 2P state would be /ess likely to recombine than one in the 1S 
state. Moreover, it will be decidedly easier to ionize a second 
time, for the energy required to remove the second electron is less 
(7.15 volts instead of 9.86, after absorption of \ 4554). There is 
also the probability to be considered that the absorption of a 
second quantum of radiation may raise the second electron to the 
state 3D, to which the considerations just urged will apply with 
even greater force. 

The absorption of photospheric radiation by the ionized atoms 
of barium must therefore discourage recombination and encourage 
further ionization. Similar absorption by the neutral atoms will 
assist their ionization, so that, on the whole, the radiation must have 
a powerful ionizing influence. 

For sodium, this influence must be very much smaller, and that 
for two reasons. In the first place, the enhanced lines of sodium, 
or at least the fundamental ones, lie in the extreme ultra-violet, 
beyond ) 377," where the radiation of the photosphere is probably 
insensible, so that the sodium atom, once ionized, is not further 
disturbed by sunlight. Secondly, the principal lines of the neutral 
atom (the D lines) are very strong in the solar spectrum, with 
wings which indicate that they are absorbed to a great depth. 
Sodium atoms in the outer parts of the solar atmosphere are 

t Millikan, Proceedings of the National Academy of Sciences, 7, 290, 1921. 
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therefore exposed to a much enfeebled radiation of just those wave- 
lengths which would be effective in aiding ionization. 

For the corresponding lines of barium, on the contrary, the 
absorption is exceedingly sthall, and neutral atoms in the upper 
atmosphere are exposed to the full influence of the radiation. 

When all these factors are considered, it is no longer surprising 
that barium is more highly ionized than sodium, in spite of the 
equality of their ionization potentials. 

Whether the influence of radiation is competent to produce as 
great an effect as that which is observed can be determined only 
when a quantitative theory of its action has been developed. 
It may be noticed, however, that the 3D-2P lines of Ba+ are 
almost as strong in the solar spectrum as the pair 1S-2P, which 
indicates that a large fraction of all the singly ionized barium 
atoms in the reversing layer are in the states of ‘‘abnormally” 
large energy content. 

The principle here sketched is evidently generally applicable. 
An element which has strong enhanced lines in the region where 
the continuous spectrum of the sun (or, for that matter, of any 
star) is strong, will behave as if it was relatively easier to ionize 
than one which does not possess such lines. The behavior of 
strontium, which resembles barium, but is less conspicuously 
“anomalous,” is thus explained. 

- Most of the elements which are prominent in the solar spectrum 
possess such enhanced lines, with the exception of the alkali metals. 
The spectroscopic method suggested in the former paper should, 
therefore, give relatively high values for the ionization potentials 
of these metals, while it is probable that the errors for the other 
elements will be smaller. The alkaline earths, whose enhanced 
lines are very favorably situated, will probably come out with 
ionization potentials too low. 

2. Manganese.—Saha* quotes the value 7.6 volts for the ioniza- 
tion potential, derived from unpublished studies by Catalan upon 
the series in its spectrum. This agrees satisfactorily with the 
spectroscopic evidence which puts its ionization potential rather 
more than halfway from Ca (6.1) to Zn (9.4). 


1 Nature, 107, 683, 1921. 
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3. Rubidium.—Saunders' notes that the strongest of the en- 
hanced lines given by Kayser? appear to be present, though faint, 
in the solar spectrum—the wave-lengths on Rowland’s scale being 
given in Table II. 

TABLE II 
ENHANCED Lines OF RUBIDIUM 


SPARK (EXNER AND HASCHEK) Sun (ROWLAND) 
r Int. oN TInt. 
EVV ORM AR Anenamomobo omorcdr 20 Absent’) “lire eae 
ATOA (AO sonar ace ctaes Io 4104.459 feJe) 
A2AAE SO cau erent nett 30 4244 .500 fore) 
B2OL 08 aire ns oe o oletoioeioimeiets Io 4204.077 000 


The evidence for the presence of this metal in the sun is there- 
fore strengthened. The principal enhanced lines lie probably in the 
far ultra-violet. 

None of the stronger enhanced lines of the other alkali metals, 
as given in Kayser’s Handbuch, appear to be present in Rowland’s 
tables. 

4. Lithium.—The absence of lithium lines from the solar 
spectrum, and their faintness in spots, still presents much difficulty. 
Lithium behaves almost exactly like rubidium, though its ioniza- 
tion potential is 5.37 volts, and that of the latter 4.16. 

We cannot invoke any absorption of enhanced lines here, for 
none have even been discovered.3 Compton suggests* that one 
factor in the problem is the small atomic weight. This will cause 
the mean atomic velocity of temperature agitation to be greater 
than for other elements (about three and one-half times that for 
rubidium), and thus broaden out all its lines, so that the atoms are 
able to take hold (so to speak) of a correspondingly greater range 
of wave-length in the photospheric radiation, and use it in assist- 
ing their ionization. 

What other factors may enter remains for future discovery. 

Mr. Witson OBSERVATORY 

February 22, 1922 
t Not previously published. 3 Millikan, op. cit., p. 292. 
2 Handbuch der Spectroskopie, 6, 350. 4 Unpublished. 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60-INCH REFLECTOR 


SIXTH SERIES 
By ADRIAAN VAN MAANEN 


ABSTRACT 


Trigonometric parallaxes determined with the 60-inch reflector—(x) The detailed 
measurements of from 14 to 18 plates for each field are recorded for 25 stars and 
nebulae: Boss 1604, 1676, 2573, 3785, 4054, 4518, 4963, 5300, 5614, 5694, 5710, 


R Cancri, R Canum Venaticorum, Groombridge 3215, Lalande 29437, R Mono- 
cerotis, N.G.C. 1501, 1514, 6572, 7026, X and U Ophiuchi, Piazzi 235 267, R Trianguli 
and R Virginis. (2) General discussion of the 164 parallaxes determined since 1913 by 
the author. The objects measured include rox stars of known proper motion, chiefly 
of types F and M and of magnitudes 5 to 7; 15 stars of uncertain z (listed in Table 
VIII); 8 faint stars of large proper motion; 6 stars of types O and N; 12 variables; 
2 novae; and 20 nebulae of which 16 are planetary (listed in TableIX). (3) Systematic 
error in these parallaxes is determined from eight comparisons with other data: 
(x) trigonometric; (2) spectroscopic results; (3) parallaxes from proper motion; (4) from 
absolute magnitude and velocity; (5) O, B, and N stars having very small parallaxes; 
(6) eclipsing and Cepheid; (7) long-period variables; (8) spiral nebulae. The final 
correction found is —0%0024+0"%0003. 

Variability of nebula R Monocerotis (N.G.C. 2261).—In view of the extremely 
small parallax found for this nebula, the large motions observed by Hubble are very 
remarkable and may perhaps be a question of illumination. 

The present paper contains the results of twenty-five fields 
which have recently been measured for parallaxes. In general 
the work has been carried out in the same way as in the previously 
published series. Only a few details need therefore be mentioned. 

The fields of R Trianguli, R Monocerotis, R Virginis, R Canum 
Venaticorum, Boss 4518, Groombridge 3215, Boss 5309, Boss 5614, 
and Piazzi 235267 were measured with the Zeiss stereocomparator, 
the other fields with the new stereocomparator, which was described 
in an earlier paper.? For this instrument we find that 3260 estimated 
parts of the micrometer screw correspond to 1 mm=8%227 on the 
plates. We must accordingly multiply by 2.524 in order to reduce 
the measured quantities to thousandths of a second of arc. (For 
the Zeiss stereocomparator this factor is 1.629.) 

The necessary data for each field are collected in the tables. 


On account of the high cost of printing these have been condensed, 
1 Mt. Wilson Contr., Nos. 111, 1916; 136, 1917; 158, 1918; 182, 1920; 204, 1921. 
2 [bid., No. 224, 1922. 

161] I 


2 ADRIAAN VAN MAANEN 


as compared with the analogous tables in the previous series. 
The present data for the individual fields consist of (r) The name 
of the object and its right ascension and declination for 1900. (2) A 
table containing in the first and second columns the dates of 
the morning and evening exposures which were combined in one 
pair; these dates are given in Greenwich mean time, with 1915.0 
as zero-point. In the third and fourth columns the hour angles 
are given for the middle of the exposures; the fifth column gives 
the difference of the parallax factors; in the sixth column M, which 
is the value of Apm+-Amua for each pair of plates, is given, and in 
the last the residuals v. (3) The normal equations, the results, and 
some remarks. (4) A second table for each field contains the data 
for the comparison stars used. 


TABLE I 
Object 51005 Vis. Mag. be Relative P.Et No. of 
ioe couse, 9 Harvard Spectra Parallax 4a +) pepe 
R Trianguli....... 2b31m o8 | +33°50’| Var. Md +o%005 | +o0%025 | 5,14] 18 
NiG:Gr rote ace 3 58 23 +60 39 13.0 Pl. Neb +0.016 | —0.020 | 3, 3 16 
IN:GiCersTacmenen 436 +30 31 8.0* Pl. Neb 0.012 | +0.008 | 9,15 16 
IBOSS;LOOd seeaeiee 6 16 54 +22 34 3-19 Ma (G6) +o.007 | +0.051 | 5, 16 
Boss 16760.....:-.- 6 29 40 +38 32 5.87 N +0.003 | +0.007 | 2, 3 16 
R Monocerotis....] 6 33 44 + 8 49 13 .8* Var. Neb. | —o.o1r | +0.006 | 3, 3 14 
RiCanctitaccensce Site co +12 2 Var. Md —o.oo1 | +0.o011 | 4, 6 16 
BOSS:25°73 el ersiere ie ele 9 29 40 +36 16 5.48 Kr +0.066 | —o.654 | 5, 6 16 
Ri Vireimiss). occ I2 33 26 = 7a2 Var. Md +o.o10 | +0.014 | 4,12 16 
ReG@ans Ven sence. I3 44 39 +40 2 Var. Md —o.01I0 | —o.o10 | 2, 6 14 
Oss 7 Soe meee I4 45 It +38 13 5.98 +o.041 | —o.242 | 8, 8 16 
Boss 4054...+++++ IS 51 18 +43 26 5.54 | Ma (G8) +o.031 | —o.os1 | 3, 3 18 
ali2o437ianciicciee 16 4 16 6 40 6.02 Ko +0.026 | +0.246 | 5,10 16 
U Ophiuchi. I7 II 27 + 119 Var B8 +o.012 | +0.043 | 8,18 16 
Boss 4518... 17 48 40 +40 0 6.06 Fst +o.014 ©.000 | 9, 9 18 
N.G.C. 6572. Pry ee Jn aa 6 50 10.8* Pl. Neb. +0.003 | +0.003 | 9, 9 16 
X Ophiuchi....... 18 33 24 + 8 44 Var. Md 0.000 0.000 | 7,20 16 
BOSS/4903esisn a ciciets 19 21 45 +12 49 Sor) Ft +0.024 | +o.005 | 8, 5 16 
Groom: 3215). 0.00. 20 29 20 +41 33 7.04 Ko +o.050 | —0.153 | 4, 6 18 
BOSS'S300jas04 wrens 20 34 52 +29 50 5.86 +o.o11 | —o.016 | 6, 8 16 
IN:G;Ci'7026.. ae ar (2:55 +47 27 15.1* Pl. Neb -++o.o1r | +0.001 | 8, 4 16 
BOSS SOLA lente. c etic 21 44 28 +60 14 5.64 5 +o.019 | —0.022 | 6, 4 16 
BOssi5604)s15 «112 os 22 347 +58 21 6.31 G6 +0o.015 | —o.0r7 | 5, 2 18 
OSs 5 7 10 ine cetete ste 22: 8 7 +58 55 5.19 Odt -++o.o1o | —0.004 | 4, 3 16 
Pi. 230267 ete 23 50 30 +34 6 6.23 G1 +0.009 | +0.764 | 9, 9 16 


* The magnitudes for the central stars of the nebulae are photographic, derived from counts of the 


Reaiet of stars of equal and brighter magnitude, and are based on Table IV of Groningen Publications, 
0. 27. 


t Spectrum from Harvard Annals, 50. 


} This column gives the probable errors of the parallax and of the proper motion in right ascension, 
respectively, expressed in thousandths of a second of arc as unit. 


The plates for the three fields, Boss 3785, U Ophiuchi, and 
Boss 4963, were also measured by Dr. C. H. Gingrich, who has also 
assisted in securing the plates during his stay at the Observatory. 
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The fields of N.G.C. 1514, R Virginis, and Boss 4054 were so 
poor in stars that it was necessary to use comparison stars more 
than 10’ from the center. The first field has now been placed on 
the parallax program of the’ 1oo-inch reflector (42-foot focus), in 
the hope of securing a more reliable parallax for this beautiful 
object. On the plates of N.G.C. 6572 it was difficult to measure 
the central star of the planetary with great accuracy on account of 
the nebulosity near the star. 

The results are collected in Table I, which is self-explanatory. 
The mean number of exposures is 16.2; the mean probable error 
of a final parallax, 070056. 


DISCUSSION OF SYSTEMATIC ERRORS 


It has been my custom to discuss the Mount Wilson trigono- 
metric parallaxes for systematic error after finishing each successive 
fifty fields. In the second and fourth series the conclusion was 
reached that such errors are small, but that the Mount Wilson 
parallaxes probably require a small negative correction. With 
the accumulation of material the possibility of deducing a system- 
atic error is increasing rapidly; several new lines of thought can 
be followed, while some others which deserve relatively little weight 
may be abandoned. 

After the completion of the present series several determinations 
of the systematic error were made, the results of which are dis- 
cussed here. 

a) The most obvious method is of course to compare the 
parallaxes with those derived by other observers for the same 
object. For 43 fields parallaxes have been published by other 
observers. The results of the comparison are collected in Table II. 

For this purpose each observer was assigned the same weight 
as was used in Contribution No. 189 (page 7). ‘The mean parallaxes 
and their weights are given in the second and fourth columns; 
the third column gives the abbreviation for the observer as follows: 
A, Allegheny; Ab, Abetti; B, Barnard; Be, Bergstrand; Bo, 
Bohlin; D, Dearborn; De, Delporte; F, Flint; Fr, Franz; 
G, Greenwich; H, Hasenstein; J, Jewdokimov; Jo, Jost; K, 
Kapteyn; Kos, Kostinsky; Ku, Kiistner, M, McCormick; N, 
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Newkirk; P, Philippot; Pe, Peter; R, Russell; S,Sproul; Y, Yale, 
Ye, Yerkes. The sixth column gives the differences 7 others— 
tym; the last column gives the weights of these differences, 


t constant : 
determined by W="S ie? where 6, is the probable error of the 
I 2 
TABLE II 
: Weighted . ™ Others | Weight 
Object oe sta Observers Weight} *vM —rymM_ | of Diff. 
INEG C2224 Sebisnenin ee +0%027 | Fr, B, Bo 0.5 |+07%006 |+o%o021 | 0.2 
Walandeiroq66. . vs octet +o.022 | Y, Ye 1.5 |+0.017 |+0.005 I.0 
IBOSS3373' ac ecniee niet +o0.008 | A 1.2 |+0.036 |—0.028 | 0.9 
BOSS304/ wees a rien +o.107 | Y,J 0.7 |+0.120 |—0.013 | 0.4 
IBOSS/SOO is afore selene ma +o.o005 | A, Ye 2.2 |-+0.013 |—0.008 | 1.4 
Bossiso2cauie cyst ene +0.035 |S I.0 |+0.010 |-+-0.025 | 0.5 
BOSS; S03 erate eee +0.039 | S 1.0 |+0.030 |+0.009 | 0.5 
IBOSSIOS Ai hires nee eee +o.orr | Ye,S 2.0 |+0.029 |—0.018 13 
Nova Persei No. 2..... +o.013-| H, Y, Be, Kii 3.0 |+0.009 |+0.004 | 1.7 
Lalande 6888......... +o0.026 | Several* 4.2 |+0.078 |—0.052 | 1.0 
Lalande 6889......... +0.036 | Several* 4.2 |+0.083 |—0.047 | 1.0 
WeBi42irsonen ieee +o.134 | Y, F,S,M 2.7 |--0.109 |--0.025 | 1.5 
IBOSSEIGO4 see oie ie +o.026 | A, M 2.2 |+0.009 |+0.017 I.4 
RDAurigaeyacicanae. +0.054]S 1.0 |+0.008 |+0.046 | 0.7 
BosshiS46\ sees cues —o.006 | M 1.0 |-+0.010 |—0.016 | 0.7 
BOSSi23'7S sie ete nee eae 0.000 | M 1.0 |-+0.001 |—o.0o01 On7, 
IBOSS:25.73 vie terete viele +o.119 | Y, Jo,S,A 3.1 |+0.068 |+0.051 LY 
W Urs. Majoris....... +o.013 | Ye 1.0 |+0.025 |—o.012 | 0.7 
IBOSS STAs eerste seed +o0.004 | F, K 0.8 |—o0.o011 |--o.015 | 0.5 
BOSS#37 Sosa aetna +0.013 | A T.2||--0,0431|—07030 |r a5 
BOSS 3053 0 ui need as +0.052 |G 1.2 |+0.012 |+0.040 }] I.0 
IBOSS?3080)5 seis siueereiens +o.041 | G I.2 |-+0.033 |+0.008 | 1.0 
Lalande 29437........ +0.023 | Y,A 1.7 |-+-0.028 |—0.005 Tz 
WeOphiuchileee merce cc —o.006 | Ye 1.0 |+0.014 |—0.020 | 0.7 
Barnard-s state arene +o.540 | D, Ye, M 3.0 |+0.521 |-+0.019 Ter7, 
Nova Aquilae, No. 3...|-+0.039 | M, De, P I.4 |--0.021 |--0.018 | 1.0 
Ni GiGnG720nee ees +o.015 | N 1.5 |+0.004 |+o0.o11 | 1.0 
BOSSeAS U7 om eioee « -+o0.003 | A I.2 |4-0.001 |-+-0.002 || 0.9 
T7lyrae Can aeeG see +o.129 | Ye 1.0 |-++o.111 |-+-o.018 | 0.7 
BOSSA SO2e re aetaseice +o0.039 | Severalf 4.0 |+0.046 |—0.007 I.0 
Boss 4803 aetna cee +o.041 | Severalf 4.0 |+0.044 |—0.003 I.0 
BSD 3013030eme rete —o.013 | R 0.3 |+0.007 |—0.020 | 0.1 
BiDi-}-35-d0OKmn eieaies +o.o10 | K, D I.3 |+0.013 |—0.003 | 0.9 
B.D.-+35°4013 Saal parte +o.o51 | K, D 1.3 |+0.004 |+0.047 | 0.9 
IID) EOE OLO 3 aaa ne +o.o91 | K 0.3 |—0.003 |+0.094 | 0.1 
Grooms 21s ween +o.o014 | Y, Jo, A 2.1 |+0.052 |—0.038 | 1.5 
IBOSSISA 33 eae +0.307 | Severalt 8.0 |+0.327 |—0.020 ] 2.0 
IB OSSEGA SA wiicierauneeresnne +o.306 | Severalt 8.0 |-+0.322 |—0.016 | 2.0 
BOSS #57, TO seccravele alrite —0.015 e I.0 |+0.012 |—0.027 | 0.7 
Biveatora een sen +o.o14 | Y, Ye 1.5 |+0.029 |—o.015 | 1.0 
PiMOShrGA siren ac «ates —o.068 | F, Y 0.8 |+0.030 |—0.098 | 0.3 
Bo38'6129.......-.2+5. +0.086 | A, M, Ye 3.2 |+0.099 |—0.013 iheshf 
Pita sho eee mina leher +0.035 | A, Y 1.7 |+0.011 |+0.024 | 1.2 


*j,Ye,R,F,Y,M,D. +J,M,F,R,Ye,Y,Kos. {Y,S, Ye, Ab, F, Pe, Jo, Y,R, A, M, K, Be, Kos. 
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mean parallax for the other observers and 6, the probable error of 
the Mount Wilson parallax. The weighted mean difference is 


™ others — TyM = —O+ 0015 == 010027 
b) Strémberg* has recently published a new determination of 


the difference between the Mount Wilson spectroscopic and the 
trigonometric parallaxes; from 78 stars he finds 
1Sp—TyM = —0"00300" 0014 

c) All the Mount Wilson trigonometric parallaxes of stars 
between spectral types B and Ma (excluding the companions of 
double stars) were compared with the system of mean trigonometric 
parallaxes, derived by van Maanen and Miss Wolfe in Contribution, 
No. 189. It may be recalled that this system is based on the mean 
parallax formula of the form 

7T=ab™yo 
where for each spectral type the constants a, b,and c were derived 
from the trigonometric parallaxes then available, viz., gor stars 
with 1538 observations. It is doubtful if the material published 
since that time has introduced any considerable deviation from 
the system. The comparison includes 1o9 Mount Wilson paral- 
laxes, with the result 
T system — TyM = —0”0022 0.0007 

d) A new series of determinations of the systematic correction 
is based on astrophysical data. In the first place we know that a 
relation exists between average absolute magnitude and average 
radial velocity of the stars of each type. The latest results along 
this line have been published by Adams, Strémberg, and Joy in 
Contribution, No. 210.2, If now we select from among the stars 
for which parallaxes have been determined trigonometrically those 
which on account of their small cross-motions may be supposed 
to be of nearly the same absolute magnitude (nearly all the stars 
included in this investigation have the same apparent magnitude 
of about 6.0), we can derive corrections to the trigonometric 
parallaxes in the following simple way. Plot for each type M as 
abscissae against 7 as ordinates. For each type compute M and 7 

= Mt. Wilson Contr., No. 220; Astrophysical Journal, 55, 11, 1922. 


2 Thid., 54, 9, 1921. 
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from the trigonometric parallaxes and also the analogous values 
for 7,=7—0"0025 and 7,=a—0%0050, etc., and plot these values 
in the corresponding diagram. Both series of values will form nearly 
straight lines; from the intersection we can interpolate the values 
of the corrections which bring the observed parallaxes into the 
closest agreement with the values derived in Contribution, No. 210. 
The results are 


Type F,n= 3; Corr.= —o%0012+0%0045 
G,n= 7; —0%0022 070031 
K,n=11; —0'%0090+07%0024 
M, n=13; —070006 070022 


n being the number of stars. 

e) For several objects the absolute magnitudes, and therefore 
the parallaxes, are now known with such accuracy that they are 
excellent for the derivation of the systematic errors in trigono- 
metrically determined parallaxes. For instance, the Mount Wilson 
parallaxes contain four Wolf-Rayet stars, one B2 star and two 
N-type stars. For these different types we know the mean absolute 
magnitude from Gyllenberg’s work" on the Wolf-Rayet stars and 
from Kapteyn’s work on the B? and N stars. The observed and 
computed data are collected in Table III. 


TABLE III 
Object Mag. Sp. ™T VM To 

B.D.-++36°3956 BS ep 7.9 O —0%003 +o0”o015 
B.D.135°4001 Baleis thats bisetas 8.2 O +0.013 +0.0013 
B.D.+35°4013. . ait 8.0 O -+o0.004 +o0.0014 
wi@epheienee ee 5.6 O +0.012 +0.0044 
Boss 5083...... Ze Rot B2 -+o.009 +o .0066 
BOSS LOZOmamiern cite os eres Be N +0.005 +0.0021 
BOSS=33 220. eerste emis SAG N ©.000 0.0025 

Miearis sa 2,202 12 sacoree fe7a| srcverapaer ee ore eee eter eee +0%0057 +070028 
From which 


T.— TyM = —0”0029+0”0016 


f) For eclipsing binaries and Cepheids, parallaxes have been 
calculated by Russell and Shapley. For the eclipsing binaries 
* Arkiv for Matematik, Astronomi, och Fysik, Band 11, No. 28, 1917. 


* Mt. Wilson Contr., No. 147; Astrophysical Journal, 47, 104, 146, 25 5, 1918. 
3 [bid., 32) 91, 1910. 
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these are based on the elements of the eclipsing system and the 
surface brightness;* for the Cepheids, on the period-luminosity 
law.? In both cases the derived parallaxes are probably very close 
to the truth. In Table IV fhe comparison is given for six objects. 


TABLE IV 
Object Mag. ™M ce 

MUM ASSIOPEIIGs eg aces sscoa en 6.1 +o%o10 +0%0038 
HEX PAUTIRAGE a5) stork Gers eee oe 7.6 0.001 -+0.0006 
TRGB AMTIGAC ops ows oer owe 523 +0.008 +0.0038 
PRR GIGVTAE Arte eee a, | RON Oe Ge +o.008 +0.0030 
We UrsaesMajoris <2. sic.cccas css 8.6 +0,025 +0.0200 
EO DOWMCH Rees <5 ie ors. Oh on yee 6.3 +0o.014 +0.0063 

INE BATAS aie yarern < chore Sse eos ote inna relow elcsecees +oor10 +0%0063 
From which yM = —0%0047+0"0016 


g) For the long-period variables absolute magnitudes have been 
derived by Gyllenberg,’ and recently by Strémberg in an unpub- 
lished work based on their peculiar motions and the radial velocities 
derived by Merrill. Gyllenberg’s system has been reduced to the 
magnitudes of Harvard Annals, 57; the mean absolute magnitude 
at maximum is then +0.2. Strémberg derived —o.3. I have 
assumed the mean M to be 0.0 at maximum. The comparison is 
given in Table V. 


TABLE V 
Object Mag. (max) ™M % 

PB CASHODEIAC. Ss 241. e so be nee os 7.7 +0029 +0%0029 
R Trianguli UE OR cce 6.2 -++0.007 -++o.0058 
18h (CEnYernl betarace aoe Domo 6.6 -+-0.001 +0.0048 
IRV ATPINISHe ec sors cee Selo a e+ ae 7.0 +o.012 +0.0040 
R Can. Venaticorum.......... 7.6 —0.008 -+o0.0030 
Xe O PHINCHi sealers /a\ei oii oo 6.7 +0.002 +0.0046 

IMIG 58 ae Sansone nace Rae ec Once aoe +0%0071 +0%0042 
From which 1 ;— TyM = —0%0029+0"0036 


1 [bid., 40, 417, 1914. 
2 Mt. Wilson Contr., No. 153; Astrophysical Journal, 48, 279, 1918. 
3 Arkiv for Matematik, Astronomi, och Fysik, Band 14, No. 5, 1918. 
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h) Finally, we have the parallaxes of three spiral nebulae, 


N.G.C. 224 TyM= +0006 
4051 +0.003 
5194 0.007 
The real mean parallax of these objects most likely is less than 
+-o"oor. Assuming it to be +0%0005, we cannot be far from the 
truth. This gives 


T;— TyM = —0%0048+0%0024 


The results from this discussion are collected in Table VI. 


\ 


TABLE VI 
n Corr P.E. Wt 

a From stars in common with other observers..} 43 | —o”%oo1g | +0%0027 | 0.1 
b From spectroscopic parallaxes............. 78 | —0.0030 | 0.0014 | 0.5 
c From comparison with the system vM-Wolfe} 109 —0.0022 | +0.0007 | 2.0 
@ From Mang’. starse ects eter erekerae 3 —o.0012 | 0.0045 | 0.1 
Gistarsis.nukee eee ee 7 —0..0022 | =0.0031 O.1 

KK stats saccnuinitcc sacra II | —o0.0090 | +0.0024 | 0.2 

IM: starsinft oe ascot coe cee 13 —0.0006 | 0.0022 | 0.2 

é From starsiof/type O; By and N-4...-.. i —o.0029 | 0.0016 | 0.4 
f From short-period variables.............. 6 | —0.0047 | =0.0016 | 0.4 
g From long-period variables............... 6 | —0.0029 | 0.0036 | o.1 
& Krom spiralnebulaeaes a aac racine iret 3B —0.0048 | 0.0024 |] 0.2 
Weighted mean. hai. sci eecinigcteh eal hoiones —o%0029 | +0%0003 |...... 


The weights in the last column have been taken in proportion to 
1/r*; forming the unweighted mean, we obtain —0"%0032. 

In this discussion we have used +0"002 as the correction from 
relative to absolute parallax. By using the best values now avail- 
able for the mean parallaxes of the comparison stars,’ the reduc- 
tion to absolute parallax becomes +0"’0015, which would leave as 
a final correction to the Mount Wilson trigonometric parallaxes, 
—0%0024= 070003. 

Two conclusions drawn from this discussion may here be em- 
phasized: First, the consistency of this result with the discussions 
previously published in Contributions, Nos. 136, 182, and 189; 
which illustrates how with relatively scanty material a fairly 


* Publications of the Astronomical Laboratory at Groningen, No. 29, 1918. 
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reliable systematic correction may be derived, and at the same time 
shows the constancy of the systematic error, even though no 
explanation of its existence is available. Second, the discussion 
shows that a few well-chogen objects give much more reliable 
results than a large number of stars observed in common with other 
observers. The weight of the correction derived from forty-three 
stars observed in common with others is smaller than that of most 
of the other determinations in Table VI. While in the present case 
this large probable error may be due to the fact that many of these 
stars were selected on account of the discordant values derived by 
other observers, yet it remains true that in any case half a dozen 
stars with small, well-known parallaxes, like the O-, N-, and early 
B-type stars, or half a dozen short-period variables will give a better 
result than two or three dozen stars observed in common with other 
observers. 


DISCUSSION OF MOUNT WILSON TRIGONOMETRIC PARALLAXES 


At this point a general discussion of the parallaxes thus far 
obtained seems appropriate. Since November, 1913, when the 
determination of trigonometric parallaxes was begun, two to six 
nights per month have been available for this work with the 60-inch 
reflector. During this time 150 fields, including 164 objects, have 
been measured. All the measures have been made by the author, 
except that Boss 3785, U Ophiuchi, and Boss 4963 were also 
measured by Dr. C. H. Gingrich. For the reductions I have had 
the help of Miss Davis, Miss Wolfe, and Mrs. Marsh, who have 
made all the necessary duplicate reductions. The 164 objects 
are discussed in groups as classified in Table VII. 

1. The bulk of the material is for stars of known proper motion, 
magnitude, and spectrum. As the parallax work was originally 
undertaken in order to procure material which would aid in the 
determination of spectroscopic parallaxes, the stars selected are, as 
a whole, of types F to M, of magnitude 5 to 7, and proper motion 
<o”’5. In 1913 there was little material available for these types, 
except for bright stars, or for those of large proper motion. 

2. In the course of the work by Adams and his collaborators a 
number of stars were found for which the available trigonometric 
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parallaxes were very discordant. These were then placed on the 
trigonometric parallax program. The principal stars included for 


TABLE VII 

1. Stars of known pw, mag., and spectrum...............- IOI 

2. Stars of which the w by other observers is very uncertain 15 

3. Faint stars of large proper motion... ... 10...) sees 8 

Ai Starsiof type O icc care see cio sentation eure ray: 4 

Be Stars OF CYP! IN Mesias oreleicl steveretelals efeuele suapeysret ieteeletensnertsiees 2 

6. Short=period Vvariablestic2 wccraccis/s «clo1sieiste steele eteleietetsi eters 6 

7, Long-period!variablesis. «ciccriesiciselcioss seein oer eieie 6 

SINOVACH. cis crouteslotelslscelsimetone aNetetaia eter eve Lis iale satale afetoinueisee a 

Oo. Planetary. nebulaeiicia. «..sciss. oie ciseleivs oorieistere oo stoneiars 16 

to. Spiral nebulaes foo o.0:2 ate sresora.c ace Ges Ost rhe ee ree 3 
Tt. Variable mebulaes, vs os eee ete oe ee eel yas o ooneet I 
MLOtAL ce, aibis wi arate alcove eerotere ete atslel ola ctelelerslors ete eetatens 164 


this purpose are collected in Table VIII, which gives in the first 
column the name of the object; in the second and third columns, 
the minimum and maximum trigonometric parallaxes, and in the 


TABLE VIII 
Mr. WItson + 
OxBjEcT a MIN: a Max 
Trig. Spec 
alandetro6Omaaee ace —o%006 +07%078 +07017 +o%o14 
Piazza eusOne cee +0.058 +0. 230 +0.120 +0.096 
MalandeO8Saiscieoreiske: —0.132 +o. 230 +0.078 +0.035 
WalandeOssor sca eee —0.132 +o. 230 +0.083 +0.032 
WEB aor TSO earar ae an +0.112 +o. 298 +0.109 +0.120 
ir Leonis Minoris..........- —0.012 +0. 225 +0.068 +0.096 
PIAzzTrT 2T Selon er —0.030 +0.062 —o.OII +0.023 
GiC yonA ee ence —0.022 +0.100 +0.044 +0.066 
OC yeni Be emiet i cae —0.022 -++o. 100 +0.046 +0.055 
Groombridge 3215......... —0.012 +0.039 +0.052 +0.063 
Ori Cy enivAt ete. pero ae +o.218 +0.389 * +0.327 +0.347 
Gr Cysni Bearer cmeacrer +0. 218 +0. 365 +0.322 +0. 302 
(BEV ANP RW ASS cleo Samana —0.022 +0.032 +0.029 +0.046 
LB EVAAL OA OY Mai ga DOA Owe —0.082 —0.022 +0.030 +0.035 
IPIAZZA2 32267 sae miceteete +0.008 +0.043 +o0.o11 +0.042 


fourth and fifth, the Mount Wilson trigonometric and spectroscopic 
parallaxes. Most of the large differences are due to the older 
meridian circle observations. 


170 


STELLAR PARALLAXES II 


3. Among the faint stars with large proper motion are the 
following, whose motions were detected by the writer: 


a 1900 5 1900 Mag Sp © | B 
0543™5 28 + 4°55’ 12.3 Fo +0" 246 3701 
4 53 11 +39 13 TS2 5 Heder reed’ -+o.012 0.38 
8 46 44 +28 42 TALL ol s.cteeneeemeertce +0.044 0.54 


Three of the other faint stars are those near a= 2545™, = +22° 40’, 
which were suspected of large proper motion by Puiseux, Burnham, 
and van Maanen. None of these has proved to have a considerable 
motion, but the one suspected by the writer has probably been 
given an erroneous declination in the Carte du Ciel. 

4. For three of the four Wolf-Rayet stars parallaxes had been 
derived by Kapteyn in Groningen Publication, No. 1. The mean 
parallax found was +0049, giving a mean absolute magnitude of 
+6.5, which seemed extremely low for stars of this type. 

5 and 6. These stars seemed very appropriate for the determina- 
tion of systematic errors in the trigonometric parallaxes. 

7. A full discussion of five of the long-period variables was 
published in the issue of Physica for October, 1921. 

8. The desirability of parallax determinations of novae is clear 
on account of the important réle they play in the determination of 
the dimensions of the stellar universe. A serious objection to the 
reliability of their parallaxes arises from their seemingly great dis- 
tances. Moreover, the practical difficulties in getting a series of 
plates while a nova is changing rapidly in brightness are consider- 
able, especially if, as in the case of Nova Aquilae 1918 and possibly 
of Nova Cygni 1920, small rings of nebulosity are formed. For 
this reason it seems advisable to delay the determination of parallax 
until the magnitude has become faint and more or less constant. 
The objection to this procedure is that the star may become too 
faint for observation, but this will probably not exclude many 
objects. 

g. The parallaxes of the sixteen planetary nebulae are collected 
in Table LX, together with the photographic magnitudes of the 


1 For full discussion of these stars see Mt. Wilson Contr., No. 182, page 3, 1920. 
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central stars and their angular diameters, the last being taken from 
Curtis’s list in Publications of the Lick Observatory, 13, 1918. The 
mean relative parallax is +o%012; the mean absolute parallax, 
corrected for the systematic error derived above, is thus +-o‘orr1, 
giving +7.5 for the mean absolute magnitude of the central stars. 
This value is of the same order as the absolute magnitude of the 
novae, after they have reached the Wolf-Rayet stage. On the other 
hand, the mean absolute magnitude of the Wolf-Rayet stars as 
derived by Gyllenberg' is —1.2. At first sight these magnitudes 
might appear to support the hypothesis that the planetary nebulae 


~ TABLE IX 
Object Phot. Mag.| Diameter TRel. Boy M HOWirtz V 

IN: G:C igre40 nce TLAO 60” | -+-of003 | —ofor2 |......... —II 
Cis cacd 13.0 56 +0.016 | —o0.020 | +07152 +38 

DSTA ae 8.0 120 FO2022)| "1-0 7008 4]: 5,- eres =| cate ener 
2O22 aie 14.2 28 +0.008 | +0.001 | —o.015 — I 
2371-2 ri 60 —t-O-OL4) || —-O.O04Mln eerste +12 
2302 qe 10.0 47 +0.020 | —o.006 | —0.032 +73 
O2TOWane Te 43 —0.003 | +0.015 | +0.055 —18 
OSas seer = ELS 22 +0.029 | —o.013 0.000 —50 
OH Poca ne 10.8 16 +0.003 | —0.055 | +0.003 +10 
O720-neEe 14.7 83 +0.002 | +0.010 | —0.059 +27 
6804..... 13.4 63 +0.020 | —0.004 | —o0.041 +4 
B.D.+30°3639..... 10.2 5 +o.005 | +0.024 |......... —12 
N.G.C. 6905..... 14.5 +o.013 | —o.021r | +0.006 +12 
7OOSieia shes 12.8 86 =: O.0EZ |p—-0.022 ||. > see cele —58 
O20 seis ESinE 25 =|-0. OL, (=O; OOEa eerie es —25 
7 OO2 ener 1250) 32 +0.021 | —0.003 | —o.018 —4 
Means..... Tis Sam | Weavers een +o"o12 ovor4 07038 24 


are old novae, which has recently gained considerable weight 
because of the appearance of nebular rings around Nova Persei 
1901, Nova Aquilae 1918, and Nova Cygni 1920. The planetaries, 
however, are known to have high radial velocities, in the mean about 
30 km/sec., while the novae have very small radial velocities. 
From the high radial velocities of the planetaries we might expect 
relatively large proper motions, and it is true that Wirtz? finds this 
to be the case; he has accordingly derived a mean parallax of 


* Arkiv for Matematik, Astronomi, och Fysik, Band 11, No. 28, 1917. 
2 Astronomische Nachrichten, 203, 293, 1916. 
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oforo for twenty-nine gaseous nebulae, of which all but three or 
four are planetaries. 

This agreement with the foregoing result seems at first sight to 
be extremely satisfactory. “A comparison of the proper motions 
in right ascension leads, however, to a different conclusion. The 
motions in right ascension by van Maanen and Wirtz are given in 
the fifth and sixth columns of Table IX. It is granted that the 
proper motions, derived as a by-product of the parallaxes, are not 
very reliable; their probable errors, however, are in the mean only 
o”007. The enormous difference found, for instance, for N.G.C. 
1501, 6210, 6572, 6720, 6804, can hardly be explained, unless by 
large errors in the motions used by Wirtz. If this is the case, and 
the small proper motions derived by the author are nearer the truth, 
then the smallness of these values is irreconcilable with the derived 
parallaxes. The problem is a puzzling one and cannot be settled 
by material at present available, and it seems unsafe, therefore, to 
draw any further conclusions based on the parallaxes, such as to 
size, mass, etc., although otherwise these might have been con- 
sidered. It seems better to change the observing program from 
parallaxes of planetaries to their proper motions. For many fields, 
plates taken five or six years ago are available, and the intention 
is to duplicate these within the shortest possible time in order to 
derive more reliable motions. Should these, rather than the 
motions used by Wirtz, confirm our present proper motions, 
the parallaxes must be considerably smaller than those derived 
thus far. We must then admit a systematic error in the paral- 
laxes of these objects quite out of proportion to those derived 
above. : 

That such exceptional errors for a system of objects with such 
different color indices are not at all impossible might be concluded 
from analogous results in the case of other series of parallaxes. 
For instance, in Contribution No. 189 it was shown that the Yerkes 
parallaxes have systematic errors which are practically independent 
of spectral type, except for the six M types, which may be excluded 
on account of the uncertainty of the system for the stars of 
extremely large proper motions. But during the investigation it 
was noticed that the Yerkes observations gave quite anomalous 
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values for the stars of very early type. The material for these 
stars is collected in Table X. 


TABLE X 
Object Mag Yerkes ON 

PIPCTSEL nt cee eicleiire ares wakes ats 4.0 —0"005 +o0"o091 
6.8 —0.009 +0.0025* 
Trapezium}) B 7.9 —0.021 -++o.0015* 
in Orion)C 5.4 —o.016 +0.0048* 
D 6.9 —o.018 +0.0024* 
SiMonoceps tare she cee eo eee 4.7 —0.002 +o.0066* 

B.D.-43°3571-- 2+ sees cet eceees Als +0.015 +0.0018 

A Cephei. 0 2th t.00) anon wetaeien 5.6 —0.012 +0.0044 

Meanei ho casi tobe saath eee eae ae —0%0085 +o070040 


_ _,* For these stars an even larger parallax, viz., of0057, was derived by Kapteyn, Mt. Wilson Con- 
tributions, No. 147, 1917. 


From which 
TYerkes— 1c = —O%0125+0%0029 


while from one hundred and seventeen stars of types B—M we 
ormerly found 


TYerkes — T = —0%0036+0" 0010 


1o. The spiral nebulae should be one of the best tests for the 
investigation of systematic errors, because it seems now fairly 
evident that their mean parallax must be between o”000 and 
o"oo1. The faintness of their central stars, their appearance, which 
is never quite stellar, and the scarcity of suitable comparison stars, 
due to their high galactic distribution, make it difficult, however, 
to derive parallaxes with the same accuracy as for other objects. 

1x. Fourteen exposures of the variable nebula N.G.C. 2261= 
R Monocerotis, gave : 


Trel, = —O. O11 +0"003 


The nebulosity around the stellar part of this nebula, whose 
variability was discovered by Hubble, is not quite symmetrical, 
and extremely good seeing is necessary to secure reliable photo- 
graphs. As the weather conditions for many of the fourteen 
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exposures were such as to vitiate the results, six of the plates which 
are extremely good in quality were on this account measured 
again, giving: 

Trel. = —0"”007 0" 006 


The negative parallax derived in both cases indicates that the 
real parallax must be small, probably less than -++o%005. This 
result is quite remarkable in relation to the motion (in one case 
reaching 20 to 30 seconds of arc annually) found by Hubble for some 
parts of the nebula.* Assuming as high a velocity as 1000 km/sec., 
this motion would still require a parallax of about o’100, which is 
quite inconsistent with our present results. It seems necessary, 
therefore, to assume that the motions are a question of illumination, 
in which case we have to deal with the velocity of light. As we do 
not, however, know the orientation of the nebula, we can only 
conclude that the parallax must be small. 


t Astrophysical Journal, 45, 351, 1917. 
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RTrianguli a=2531™o® 


5= +33°50' 
a | 


Mor. Ey. bh 7) Ap M 0 
5.645 5.931 —15°5 —16°7 +1.42 —12 —12 
5.645 5.931 —I1I.5 — 0.7 +1.42 —20 —20 
5.688 4.963 —I1.2 — 6.2 +1.44 + 2 —13 
5.642 5.925 — 9.2 — 5.0 +1.40 +20 +20 
5.645 4.958 — 7.0 — 2.0 +1.54 +25 +10 
5.642 5.926 — 5.0 — 0.2 +1.40 +5 +5 
5.694 4.958 13.5 meee! +1.40 +41 +26 
5.645 5.043 — 2.7 + 4.5 +1.80 — 8 —22 
5.604 6,087.) jirt2i7 1) ety. Ore ab rage 778 +9 
No. Br. x y 7 
~~ 
12.36 Hat 1.88 7=142 eae bf | +0/8 | +6/6 | +o%or4 
+1.88 wat20.49 r=+83' 2..eee : 1 +2.1 ica 
ee ean ee eer) pease 2.2 | —4.4 0.015 
& =-+2.9=+0%005=0%005 rhe bf | —o.1 | —3.2 | —o.orr 
Ma=+15.5=+0%025+0%014 Sara s bf —5.8 | —4.8 | +0.005 
Oasis bf —3.7 | +1.6 | —0.009 
Faces f —o.3 | +2.5 | —0.004 
N.G.C. 1501 a=3h58™238 6=+60°30/ 
Mor. Ev. h & Ap M r 
4.805 7.065 —15°5 —13°0 +1.40 +33 + 6 
6.740 7.062 — 8.5 — 9.2 +1.67 +9 — 5 
6.819 7.059 =! On2 — 8.0 rest +14 +4 
6.742 3.991 — 7.5 — 1.5 +1.36 —24 —II 
5.762 4.073 — 7.0 — 2.7 +1.62 + 8 +11 
4.800 7.059 — 4.0 — 1.7 +1.42 +19 — 8 
5.672 3-991 + 0.2 + 4.2 E20) —9 — 3 
6.740 4.068 + 2.2 + 7.5 +1.69 — 6 + 4 
No. Br. x y T 
+ 31.06 pat 6.06 r= —208 LNs f. | +078 | +2/1 | —o”o002 
+ 6.06 wat17.487=+ 64 Ye ocars : te Hie! —0.003 
= ae " " oe Kis 2«0) | —O.005 
™=16.4 Os Ole arpa) A lemen bf —0o.5 | —6.0 | —o0.002 
a= —7.9= —0.020+0.003 Cpa f —2.6 | —5.6 | —o0.002 
Onmer f —0.4 | —1.5 | +0.ca9 
Ufeiexeae f 2/50) |'-{-1 Olle=|-OnOod! 
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N.G.C. 1514 a=43™s 5=+30°31’ 


Mor. Ev. h b Ap M v 
5.697 6.002 — 8°2,| —10°% +1.54 +8 +2 
5.607 6.002 — 3-7 — 5.0 +1.54 +24 +18 
4-797 4.065 — 1.7 — 0.7 +1.45 —10 —I19 
4-797 GsOs7. fe B.F erty, +1.52 =10 —22 
4.803 3-994 + 4.0 + 3:5 “iat ar @ 0 
4.800 4.065 +525 +4.0 +1.44 +42 +33 
4.803 3.004 + 8.2 + 7.5 ies — 2 —I0 
4.800 6.166 +12.5 +21.0 +1.56 +19 +16 
No Br. x y " 
+6.10 fa—1.07 T=+14 toc bf |+ 8/5 | +7/4 | —o%oo2 
2.07 Ma+16. 21 w=+72 VISAS IC e eo =A0E re pon 
= —_ v w 3+ cece 4.1 —4 7 0.017 
Tv er 0ts 8-000 aoe ree + 0.3 | —7.8 | +o0.01a 
=+3.1=+07008+o0%o1 Seeeee — 3.8 | —4.7 | —90.014 
ms 3 5 Sea bf |—10.8 | +4.4 | —o.o10 
Ufa Se f — 6.7 | +9.6 | +0.01r0 
Boss 1604 a=6516™s48 § = +. 22°34’ 
Mor. Ev ty 4 Ap M 9 
4.882 Sy te2 —14°2 —9°o +1.38 +12 +13 
4.879 5-117 aA if] Hips +1.37 ap Yi + 8 
4.876 222 — 3.7 —4.7 +1.41 —i1 ° 
6.907 5.119 mS cea TY +1.23 +37 + 3 
4.877 6.172 + 0.2 —1I.0 +1.57 — 38 —17 
6.819 Sly, + 0.5 —3.0 +1.61 +43 + 4 
6.907 TIO + 3.0 —0.5 +1.23 +29 —II 
6.819 6.172 + 4.7 +3.2 +1.79 +21 — 3 
No Br. x y cg 
Dees f +2/2 | +3/8 | —o%018 
FII.55 Mat 5.27 T=+249 Drs bf | +2.1 | +0.3 | +0.003 
A 17.04 T7T=-+1 Rneoac f Stee! 0.0 | +0.009 
eed HET? a se 55 Deen bf | +2.2 | —1.1 | +0.016 
T =+ 2.9=+0.007+0.005 ite bf | +1.9 | —4.5 | —o.0or 
Ma=+20.2=+0%051+0%006 Grierereys f cH) || Hla || Kok Cero} 
Wereretele f —I.9 | —0.3 | —0.015 
Sircteree f —4.9 | +4.7 | +0.013 
Oneriers f —1.8 | +1.5 | —0.004 
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Boss 1676 a=6429™4o8 6= +-38°32’ 


Mor Ev. ts hb Ap M 9 
4.882 5.122 — 1°%0 — 0°2 +1.38 —4 —4 
4.882 6.172 + 2.7 + 2.5 +1.56 +8 +10 
4.877 6.087 + 3.7 + 5.0 +1.25 —8 — 5 
6.907 5.122 + 6.0 + 5.7 +1.25 +7 + 1 
4.877 6.169 + 8.0 + 6.0 +1.58 —5 — 3 
6.819 6.172 + 8.5 + 9.5 +1.80 +7 ar 3 
6.907 6.169 +10.0 +10.0 +1.43 +2 —1 
6.819 6.087 +12.7 +10.5 +1.46 +2 —iI1 
No. Br. x y r 
+9.54 Ma~.0.35 T= +27 od setae f +0/7 | +1/1 | —o%or8 
faye 17.26 r=+16 2 iavarre bf | +1.0 | +5.1 | +0.004 
Aa Es 7 3 a Rene bf +2.6 | —o.5 | +0.010 
T Tian anne Bele te fs +1.8 788 —0.004 
=+2.90=+0.007+0.00 Be ceee =O 5 il casts —0.007 
as 2 7 3 Osevne bf —1.4 | —1.5 | +0.018 
| bf —4.1 | +2.3 | —o.0o1 
R Monocerotis=N.G.C. 2261 a=6533™445 56=+8°40’ 
Mor. Ev. h £2) Ap M 0 
3 SOO SRA —6.087 —10°5 — 9°o +1.29 -— 7 +9 
BmoOOmaeire ats —6.087 = C9) cao Kal “h.20 —33 —I7 
BRSO3 Weraty se —5.119 — 1.5 -- 2.0 +1.65 = +10 
Re SAM bintole ne —3.008 + 1.0 + 4.2 +1.42 — 8 —9 
Ai SOO seeiavecete —5.119 + 2.7 + 7.2 +1.65 —-7 + 5 
AsCOZun aes —5.117 aie Bale) + 9.0 +1.64 —18 — 6 
Br SS2 ree sae —3.005 ORO 11.5 +1.26 =P 4 + 6 
No. Br x y 7 
20.8 — rt eal 8 The bf +3/6 | +1/8 | —o%ors 
an a fea hepa Pate bf | +3.4 | +1.4 0.014 
— I.17 Mat15.06 r= —I102 Wise ff | +2.3 | —0.8 | —0.009 
wT =—6.5=—o%011+0%003 S283 i T.4 | —2.1 | +0.009 
e - Sate f —0.5 | —2.6 | +0.007 
Ha=+3.7=+0%006 +0%003 Cate f —3.6 | —2.2 | —0.009 
CMa io f —4.3 | +2.5 | +0.063 
Sierenee bf —2.5 | +3.3 | +-0.0or 
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STELLAR PARALLAXES 19 
R Cancri a=8hr1™o8 6=+12°2’ 
Mor Ev. ty h Ap 
4.964 6.166 — 72957| — 620 +1 —7 a 95 
4.964 5-199 = 8c = Gb su fe) ap 
5.932 6.166 + 4.2 — 1.7 +1 —4 — 3 
6.907 5-199 ap Gof + 4.5 +1 — 3 —10 
5.932 5.207 + 9.0 + 6.2 +1 ° =— 3 
6.907 5.283 + 9.7 +11.0 +1 +12 ‘+ 5 
5.926 5.207 +10.5 +11.7 +1 +18 +15 
5.926 5.283 +14.7 “15.5 “Te =r set) 
No. Br 
+8.62 Mat 6.75 T=+35 Dacre b d "oor 
+6.75 wa t17.79 w=+25 2 ivi: f as .002 
ae wae Cena ae Beceee bf 5 .000 
aa On2— —O,00l=—0,.004 Pasa bf I .OOL 
Ma=+4.2=+0%011+0"006 Siaarenrs f 52 .OOL 
Oy aie bf Ey .003 
DAAS f 5 .003 
Boss 2573 a=g29™4o8 é= 
Mor. Ev. h h Ap 
BROS she rsin\s —6.276 —10°0 — 4°0 +1 + 3 
INE EY. OEE —4.306 — 9.7 + 1.0 aria. — 6 
BECO senso: —4.229 — 6.0 ++ 2.5 seh + 5 
Ar QOB Baie 6 ss —4.229 — 4.5 + 6.5 qe +19 
GEOO5 Fawr »'s —4.232 — 2.0 -+10.2 Sat 4 
BOZO stearaie ae —6.331 + 1.2 +11.0 +1 —I19 
OsOOR ss cieans —6.333 + 4.0 +14.2 +1 + 8 
5-926 | —4.232 4-542 +14.5 as 7 
+ 12.57 fat 2.03 T= —3201 No. | Br. 

+ 2.03 Hat 18.07 7=— 50 Se oe f “OIL 
mg =+ 26.3=+0%066+0%005 Boies ff .008 
oa Ur AY rey te A owen © gente ff ; 
Ha= — 258.9 = —0"654+0"006 e ae b ose 
On 3.994—6.276 stars 2 and 6 2 ear: : pee 
were not measured. 5 oe ee bf .002 
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20 ADRIAAN VAN MAANEN 


RVirginis a=12533™268 6=+7°32' 


Mor. Ev. 4 2) Ap M C7) 
5.117 5.398 aot S64 = 455 +1.42 +14 +7 
6.170 6.364 — 1.7 + 1.5 +1.04 +21 +17 
6.003 5.372 — 2.0 — 0.5 +1.56 ary Sa es 
5-117 5-398 + 0.5 Ons rad +14 ae 9 
5.044 Gaye it Wake: 2.5 +-1.54 7, at) 
5-044 5-371 ap Oo5 + 4.0 +1.53 vo —14 
6.167 5-374 + 8.7 + 7.0 -+1.10 —5 —I19 
6.167 5.447 +15.0 +15.5 +1.32 +30 +16 
~ No. Br, £ y . 
1.98 0.80 7=-+ 22 
I 2 e To Wars f + 3/4 |+ 7/6 | —olo12 
+0. 80 wa t15.21 T=+100 Dae ak bf |+10.8 |+ 0.4 | +0.016 
mg =+6.1=+0"010+07%004 Biases f |-+-'0.7 |—10.0 |{—0-.027, 
ea Bue ip ne Awaits bf |— 4.9 |— 8.4 | +o.015 
Ha=+8.6=+0.014+0.012 ieecas bf |— 5.1 |+ 6.3 | +o.o1§ 
Onicrers ff j— 1.5 |+ 3.3 | —0.017 
R Canum Venaticorum a=13544™308 6=+40°2’ 
Mor. Ev. i 4 Ap M 0 
5.207 5.450 + 2°%2 + 322 +1.27 —iI0 —4 
5-117 5-398 ap Sekt ap lee: +1.39 6 ott 
R28 5-442 +12.7 + 8.0 +1.56 — 8 ° 
6.167 5.450 + 9.5 +10.7 +1.44 —24 —I10 
6.170 5-398 + 9.7 +14.0 +1.22 -— iI +12 
5.118 5.442 +10,.2 +15.2 +1.57 — 3 +5 
6.170 5-447 +14.0 +16.5 +1.42 —I5 -—1 
No. Br a y 7 
+1.97 Mat 1.31 r=—21 Tass bf | +1/1 | +09/7 | —o%o014 
1.31 pa +14.01 T= —07 2 : ae we ot 
ee ee / " K eee S 4.9 I.5 0.003 
Tv 6.3 brane ae Bae a f +6.0 | +2.3 | +0.007 
a= —6.4= —0!010+0"006 5-5. bf (3.3.1 7-2) arosooe 
Orne bf —6.9 | —4.9 | —0.023 
Teenie bf —8.2 | +0.3 | +0.025 
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STELLAR PARALLAXES 


Boss 3785 a=r4b45™r18 =§=-+38°r3’ 


Mor Ev. ky ts Ap 

4.145 2.451 —1258 — 8° +1.50 
4-145 3.418 — 8.2 — 3.5 1.33 
2.208 2.449 — 6.5 + 1.0 +1.30 
4.245 3.418 — 2.8 + 0.5 Spline 
2.208 2.440 — 2.0 + 5.0 +1.30 
6.167 2.440 + 1.5 +10.8 Sth) 
5.200 5.445 + 6.8 +I10.2 +1.31 
5.200 5.450 +14.5 +11.8 +1.34 


+18.03 Mat 8.52 r=—1585 


+ 8.52 Mat14.73 T=— 573 No Br. x 

w =+16.4=+07%041+0"%008 ee bf | +1r/s5 
a= —95.7= —0"242+0"008 a ay ee 
For this field Gingrich derived: es oak : oes 
m=+ 22.1=+07056+0%015 Baran b | —6.2 
Ma= —100.0=—0"% 25201014 oe } ae 


Boss 4054 a=15551™188 6=+43°26' 


Mor. Ev. h L Ap 

4.230 2.487 —13°2 —17°0 +1.38 

4.145 2.490 —13.0 —15.0 +1.54 

4.145 2.487 =e 5 —12.0 oes 

4.230 2.490 > Gey —I1.0 eae sO) 

2.282 2.490 — 5.0 =) S67 ate 

2.282 2.490 —1On2 — 1.5 +r. 17 

2.208 2.528 + 1.2 + 2.0 +1.62 

2.208 Bets) + 6.0 + 6.0 +1.62 

2.285 1.483 +12.2 +11.5 +1.12 
=-12.50 pat 9.28 7=—140 No. | Br. Pa 
BO oat tT 7LE= 1 20 os f |+ 2/3 
mw =+12.2=+07031+01003 Dera bf |+10.0 

aS eee Si) ” Cee AD lay Ge Boy 

a= — 20.3 0.051=0.003 ie i Hee 
On 4.145—2.490 and 4.145— Pas Ee ime 
2.487 stars 4 and 8 were not meas- _7..... £  \—26.8 
ured. Series f — 4.0 
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a2 ADRIAAN VAN MAANEN 


Lalande 29437 a=1654™788 6=+6°41’ 


Mor. Ev ty 2) Ap M r 
4.312 5.526 —10°5 —62o +1.21 —122 —16 
5.319 5.520 — 8.0 —5.0 +1.18 + +11 
6.282 oe — 4.0 —4.5 +1.37 + 86 —1 
5.284 Oe ee + 2.2 —1.2 +1.34 ° +10 
6.282 5-529 qe a —1I.0 -F1.30 + 88 +1 
6.320 5.532 + 2.0 +0.5 +1.13 + go ° 
5.284 5-524 tals +3.2 le = 2 ar 4 
6.277 5-524 +11.0 +7.5 +1.36 + 73 —15 
No Br. x 4 7 
tasomPrsretes bn | t [ig / ee | ies 
+1.50 Ma t13.28 r=+292 Leet Ee re i noe +0.014 
ds = ” eel Aes aT —2. —0.034 
T =10.4 creas oe Oe ns f +o.1 | —6.0 | +0.007 
Ha=+097.4=+0.2460.010 Osa bf —4.9 | —4.0 | +0.013 
Wit eleye bf —3.6 | +0.8 | —0.006 
Sian bf —3.8 | +4.7 | —0.006 


U Ophiuchi a=r17hy1M278 6=+1°10! 


Mor. Ev kk 4 Ap M 2 

6.364 6.572 —12°0 — 825 +1.18 +1 —1 
6.364 SS 2k — 6:8 — 8.2 +0.93 +21 “3 
65277 Baer Gp ah — 4.2 Spoke +45 +26 
6.329 6.572 “en — 1.5 rs O — 2 — 5 
6.331 6.575 = nies — 0.8 re 30 — 2 — 5 
6.329 6.580 + 6.5 + 3.8 +1.39 7 +4 
6.277 5.524 + 6.8 + 6.5 CRE sees) ° 
6.331 S524: +10.0 +10.8 -+FI.It — 7 —26 


+-2.7I pat 2.407=-- 58 


No. Br. 
+ 2.40 Ma+12.62 r=-+101 ee ee 
gm =+ 4.8=+0%012+0"008 Spo ee f | +7'3 | +4%4 | +ofoor 
‘ i Barat bf +5.1 | —1.4 | —0.008 
Ma=+17.1=+0.043+0.018 LEAN bf | +4.4 | —7.5 0.000 
: Lae es oer fe —4.3 | —4.7 | —0.00 
For this field Gingrich derived: Sees f —1.9 | —0.4 dices 
i : Occ: bf —6.2 | +2.7 | —o.o12 
gm =+ 1.3=+0%003+0%013 Tooees bf | —3.0 | +3.6 | +0.008 
Saree f —0.5 | +2.3 | —0.006 


Ba=+42.4=+0"107+0"%027 
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STELLAR PARALLAXES 23 


Boss 4518 a=17>48™408 5=+40°o’ 


Mor. Ev tk b Ap M v 
eur 5.600 —17°5 *| —11°5 +1.29 — 5 —16 
CRW is I.592 —13.2 —I1I.2 1.26 +41 +31 
4.307 1.592 555 = 5.0 “-E.54 +55 +43 
5.320 5.603 — 2.0 — 1.7 +1.54 —I9 —32 
4.307 5.644 — 1.5 — 0.2 +1.73 +41 +26 
4.307 4.635 + 3.0 + 0.5 +1.70 — 3 —17 
5.320 5.603 + 4.5 + 5.0 +1.54 +24 +11 
5.374 1.562 + 7.0 + 8.5 +1.10 —I5 —23 
5.320 i502 -F10.7 +13.0 +1.35 —23 —33 
No Br. x y T 
De at14.207=-+10 
152-44 Hat 14 ae 7 : eaates f +o/4 | +4!0 | +07020 
14.20 Hat19.27 r=+158 Dee: bf | +2.9 | +0.5 | —0.004 
T =+8.4=+0"%014+0%009 Soca bf +5.4 | —1.5 | —0.005 
&.. = ” a 7 hay eee b —1.4 | —3.8 | +0.005 
Bs 0-2> 0,0000.005 pee bf | —z.9 | —3.0 | +0.001 
Ons ee f —3.0 |] +3. —0.017 


N.G.C. 6572 a=18h7™748 6=+6°50’ 


Mor. Ev b &b Ap M 0 
5-399 6.575 —14%0 5.5 +1.04 + 47 +21 
5.399 6.580 —10.0 — 3.5 +1.07 + 22 —4 
5-374 6.572 — 9.0 = 2 arena Gp il 13 
5-374 6.575 = 2.5 a5 eral + 26 —1I 
6.329 2.616 — 1.5 + 1.5 +1.55 —103 —25 
5.371 22575 + 0.2 + 5.2 +1.18 — 46 +13 
6.329 2.616 aes + 6.0 +1.55 — 73 +5 
5-371 2.575 + 4.5 siO-5 +i21s —-AT +12 
No Br. x y 7 
a ee ee Cen bf | +2? £ —o%018 
148.76 Ma T 12.79 T= —IO4I : Pees f Bi Be 0.009 
+12.79 fat12.49 T= — 263 abe b +3-4 —1,0 ee 
a = " y Ancien 1.5 | —3-7 0.002 
Plas Bs oa ae Dantas bf | —2.7 | —1.4 | —0.013 
Ma= —21.6= —0"%055+0.005 Onto b —5.2 0.0 | —0.002 
OheBow o f —1.2 | +1.0 | +0.018 
Sa aris f —o.1I | +2.9 | +0.007 
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24 ADRIAAN VAN MAANEN 


X Ophiuchi a= 18h33™248 6=+8°44’ 
De 
Mor Ev ts bh Ap M , 
6.282 5.636 —15°5 —13°0 +1.72 —II —II 
6. 282 5.638 —I1.0 —13.0 +1.74 —18 —18 
5.399 5.600 —10.5 —10.0 +1.17 —9 —9 
6.364 5.638 — 6.5 — 7.7 +1.50 +13 +13 
5-399 5.600 — 6.2 — 5.2 +1.17 +20 +20 
6.332 5.603 — 3.2 + 2.7 +1.46 +15 +15 
5.371 5.641 + 4.0 + 8.0 +1.49 — 3 — 3 
Sayt 5.641 + 8.0 +12.0 +1.49 ° ° 

No. Br. 
+2.09 fat 3.10 7=0 rite Soe ce z 7 eee 
SS , , ” 

IO Met+17. i hae vert: bf +o0/8 | +0/8 | +0%002 
73-108 of 7-55 ats _ Bi. atelers f =-2).9 | <-4.010 0.087 
T =0.0=0.000+0.007 ° Boast bf | +4.0 0.0 | +0.010 
ba=0.0=0"000+0"020 a saan: f +3.2 | —5.1 | --o.0or0 
5 seh , —o.7 | —3.4 | —o.018 

On 5.399—5.600 star g was not >?'":": Wide 8 ree re 
5-399 5 4 4 ‘ Wiser b —3.6 | +1.2 | +0.018 
measured Soles. bf | —o.4 | +3.4 | +0.006 
OQetins f —o.7 | +0.7 | —o.o1r 


Boss 4963 a=1921™458 6=+12°40' 


Mor Ev. 4 Ap M , 
5.442 6.657 —20°0 +1.21 +31 +23 
5-450 ee = 7-0 +0.97 +19 | 
5-445 ae Ss +1. 21 = 2557 
5-450 4.632 — 5.0 | +1.05 +25 +13 
5.442 2.616 — 1.7 +1.01 + 4 —I2 
5.448 6.659 — 1.5 -+-I.19 ° — 8 
5.445 4.632 — 0.5 +1.08 +17 + 5 
5.448 5.693 Pp Ong +1.32 qr & ce 
20.97 fot 2.05 =>" 70 No. Br, ‘ , E 
+ 2.65 MatiIo.31 r=+104 
mw =+9.5=+0"0240%008 ee Pe ae ie pad 
piabelens . a —O OF 
Pa=+2.1=+0%005+0%005 Be tans o ee --1.6 Base 
Aros Ce 2511" | — 3 Ou —- OL 008 
For this field Gingrich derived: Deo ry ff | —1.5 | —5.2 | —0.004 
i ieee 5 Ona f —1.8 | —2.5 | —o.0or 
mw =+1I.4=+0.029+0.011 Toseee b —2.9 | +1.1 | +0.009 
Ma=+ 4.6=+0%0120%007 Po sae a aw Ce ey OKC 
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STELLAR PARALLAXES 25 


Groombridge 3215 a= 20529™208 6=+41°33’ 
a a A STE TE YY 


Mor. Ev. kk 4b Ap M , 
5.522 5.693 Tate ee +0.97 “47 tit 
4.471 4.714 aa ane +1.32 + 54 “<6 
5.522 5.603 —3.2 —2.5 +0.97 + 56 +10 
4.471 4.714 —2.7 +1.7 +1.32 a We ae ©, 
4.468 3.679 2.7 2.5 ee = 34 + 4 
4.468 3.785 +2.0 +2.5 +1.53 — 20 — 3 
5.448 4.739 +3.0 +2.5 +2.51 — 24 —4 
5.451 3.785 +4.2 +6.5 +1. 61 —122 —16 
5.448 3.679 +6.5 +6.7 +1.27 —108 +19 
No Br. x y ™ 
Ee Lis cies bf +3/6 | +0/7 | +o0%005 
+7.65 Hab 6.97 * 302 Depa ta b +6.0 | +3.0 | +0.006 
+6.07 Mat 15.57 T=—173 Sonia f spt) || teste) || S ©). Keren 
wt =+30.8=+0%050+0"%004 BX on y +1.4 | —7.3 Fey 
eeoor —4.0 | —2.7 0.004 
Ha= —93.7 = —0%1530.006 6A: f —5.4 | —2.5 | +0.013 
VhoDe Ae bf —3.3 | +3.6 | -+-0.016 
Sines: f —2.9 | +5.1 | —0.029 
Boss 5309 a=20°34Mce28 8 §=-+-20°50’ 
Mor Ev. i 4b Ap M C7] 
5.451 5.690 — 722 —11°7 +1.31 —17 — 28 
5.451 5.690 — 3.0 — 7.0 +1.31 +17 + 6 
5-445 5.093 10.5 eedas +1.35 +34 +23 
5.522 5.693 + 2.0 + 5.2 +0.97 + 8 —1 
5.445 4.712 + 3.5 + 6.0 +1.42 +11 +5 
R522 3.676 + 6.5 + 8.0 +0.89 — 8 +4 
4.504 3.673 ee Fa +10.2 +0.97 aes =tG 
4.504 3.679 +12.5 +11.0 +1.00 —7 — 6 
No Br. x y v 
Pees 5! Mat: 3-22 7=—31 Toes bf | +1/4 | +1/9 | +0%008 
_22 I0.0% T= By aos b artes. lapeeaZ! 0.000 
+3 Bat 95 145 Becta bf +2.7 0.7 | —0.008 
mn =+6.9=+0-011+0.006 Atos bf | +2.6] —4.5 | +0.002 
” ” 
=—9.7=—0.016+0.008 5 oisleeke bf —0.3 | —5.8 | —0.005 
Ks od Ounes bf —3.3 1.1 | +0.013 
Gey f —4.8 5.8 | —0.009 
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26 ADRIAAN VAN MAANEN 


N.G.C. 7026 = a@=27b2™558®@ = § = 4+-47°27' 


Mor Ev. te b Ap v 
6.406 6.736 —10°2 —14°0 +1.29 +13 +7 
6.493 2.774 — 5.0 — 7.0 | +1.43 “+17 +19 
6.4096 4.709 — 3.5 — 2.0 +1.17 —10 —16 
4.471 2.774 — 3.5 = Ok aioe +9 ort 
6.493 2.777 + 2.0 50.5 +1.44 ee) =13 
4.471 4.700 + 3.2 + 5.2 +1.29 +31 +25 
3-504 6.736 +10.5 + 5.7 +1.25 —12 —I5 
3.504 2.772 +17.5 + 8.2 +1.37 “10 ° 
No. Br E4 y a 
S pa? Tears f +1/5 | +1/9 | —o%oor 
+44.73 Ma+11.66 r=+74 Bt ie bf +1.9 | +0.8 | +o.o11 
+11.66 pat14.58 r=+69 gree f +1.6 | —1.1 | —0.004 
a = ” ele re Ate f +1.2 | —1.2 | —0.003 
T=14.3 eet ees 5 ee f | —o0.8 | —2.1 | +0.007 
Ma=+0.5=+0%001+0.004 Ones f —1.6 | —0.7 0.000 
Wests fi —3.7 | +2.1 | +0.002 
Sitcoms f —o.5 | +0.7 | —o.o1r 
Boss 5614 a= 21244™28s 6=+60°r4’ 
Mor. Ev. h 4 Ap 9 
2.534 3.788 —14°0 —11°2 +1.31 +5 — 28 
2), ey 4.712 —I0.0 — 5.0 +0.98 +46 + 6 
5522 5.7061 — 5.5 — 7.0 +1. 28 +44 +26 
5.524 5.762 — 4.5 — 3.0 +1.26 +16 —2 
5.522 4.712 — 1.2 — 0.5 +1.05 +17 +16 
5-524 3-745 =" 0.5 yes +1.19 —=27 = hy 
5-530 2.775 ap Boy Sey: sieln20 —30 te 
5.530 2.075 + 9.7 +11.7 +1. 29 —20 + 2 
No. Br, x“ y 
25.37 wat 5.66 r=—2 TL acuatets f +1/o | +4/7 | +o%org 
oe 5 aT 5 a 74 Peer ae +3.7 | +0.8 | +o.o1r5 
5-66 watIl.75 r=+ O61 Bees bf | +2.2 | —o.4 | —0.007 
mw =+11.6=+0%019+0%006 ply oe f | +4-9 | 1.2 | —0.010 
bly =e ay Ms Gaoonc b —3.8 | —5.1 | -fo.008 
Ha= —13.4= —0.022+0.004 Oxnahe bf —1.6 | —1.5 | —0.006 
IIE Oe: ff —4.9 | —0.5 | -+0.005 
Biase f —2.2 | +3.0 | —o.o19 
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STELLAR PARALLAXES 27 
Boss 5694 a=22h3my78 = §=-++- 58°21! 
Mor. Ev. ts 4 Ap M 8 
1.483 0.753 —12°0 “| —5°o +1.38 + 6 + 3 
5.530 5.704 — 8.2 —2.0 =-1.25 + 3 — 6 
1.483 4.714 — 7.5 —2.0 +1.19 +21 — 8 
6.490 0.753 sie oh On +1.35 95 wae 
5.530 5.764 — 4.2 +2.2 +1.25 +17 + 8 
6.490 Bort =i 2 -+I.0 1.15 +15 +20 
1.484 4.714 — 2.0 +2.2 -FI.19 +27 —2 
6.490 0.750 + 0.7 +2.0 -+21.34 —45 —13 
6.499 ©.750 + 0.5 +6.0 +1.31 — 28 +4 
123.77 Ha tI7.71 T= —749 cc i eenlaee : . 
+ 17.71 batI4.52 r=— 37 watie oe| ee  ee eee 
T =+5.8=+0%015+0"%005 Eee f +63 | +2’9 | +0%022 
=e6 ox ” al Deere it +4.r | —2.9 | —0.041 
Pe] 0.9 "0.017 0.002 Boe ie —1.1 | —5.1 | +0.008 
On both pairs of plates 5.530— 4.” 5 zie Fite ae 
5.764 stars 2 and 6 were not meas- ©6..... bf | 1.5 |_+3.7 | 0-008 
oo eens Coc f —o.3 | +3.2 | +0.006 
Boss 5719 a=22bgm7s = § = +-58°5 5’ 
Mor Ev. t L Ap M 9 
6.499 3.785 —10°0 —11°5 +1.46 +17 +15 
64572 3.824 — 7.0 — 9.2 +1.24 -—I1 —2 
6.499 3.824 — 6.0 — 4.0 -1.58 +1 —I1 
6.493 6.818 — 4.2 — 5.5 +1.58 + 3 — 3 
6.496 6.736 — 3.2 — 3.2 -+1.26 + 3 — 2 
4.504 6.818 — 1.5 — 1.2 +1.55 +16 +7 
6.572 3.826 — 1.0 — 0.2 +1. 25 — 8 —9 
6.496 6.736 + 0.7 + 1.0 +1. 26 — 4 -9 
No Br; x y T 
a! Te cei bf | +2/5 | +5/5 0”000 
$35.20 Hat 10.30 7= —14 Desc f +4.8 | +1.9 | +0.002 
+ 10.30 MatI5.81 r=+45 oe oe ye pase —1.5 ror 
ef ie ” Beat Aaa 2.7 | —4.1 0.01 
coeur 3-8 io ae iG eh bf —3.4 | —4.3 | —0.003 
Pa= —1I.5=—0.004+0.003 (OF por bf —1.8 | —2.7 | +0.003 
Uo bf —3.8 | +1.1 | —0.007 
Sinan b —4.9 | +3.0 | +0.008 
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Piazzi 235267 a=23559™39" +  §6=+34°6’ 


Mor. Ev. tr bh Ap M , 
5.601 5.843 — 6°7 — 5°2 +1.27 — 8 +22 
5.636 3.829 — 4.2 — 1.7 +1.04 +858 +4 
5.601 5.843 — 2.7 — 1.5 +1.27 — 81 +24 
4.633 3.862 sat 0.0 +1.20 +313 —55 
4.633 5.925 ap Boe + 3.7 +1.39 —621 —20 
4.581 5.925 + 6.0 + 8.2 +1.61 —617 - 
5.639 3.827 + 6.2 + 9.5 +1.02 +879 +25 
5-639 3-827 +10.5 +13.5 +1.02 +850 —4 
+14.06 wat 1.92 r=+6602 Ne eee is od i 
+ 1.92 Maf 12.34 r=+ 968 Pe bf | +o!/7 | +2/5 | —o%004 
=+ ao” oar Biers f +1.1 | +4.9 | —0.008 
ee ge 5-5= 10.009 =0+009 Beno ua f +3.8 | —3.0 Toi 
a=+468.8=+0"764+0"00 ter f +2.2 | —4.7 | +0.0r§ 
cane Tres : Gnoncc f -+2.1 | —6.7 | —0.00r 
On 4.633—5.925 stars 3 and 7 6..... f Sa wae Fos 
Pa —5. ‘ 0.01 
were not measured 3 ya wae bf Re +23 —0.006 


I wish to express my acknowledgment to Messrs. W. P. Hoge 
and Milton Humason for their valuable aid in securing the plates, 
and to Mrs. Marsh, of the Computing Division, who has per- 
formed a large share of the necessary computations. 


Mount WItson OBSERVATORY 
February 1922 
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THE VARIABLE DOUBLE STAR X OPHIUCHI 
By C. H. GINGRICH 


ABSTRACT 


Variable double star X Ophiuchii—From direct measurements by Hussey and 
later by Van Biesbroeck it is known that the two components of this interesting system 
are about o”22 apart and were in a nearly north and south line in 1921, and that the 
north component is variable. During 1921 van Maanen made 16 plates to deter- 
mine the parallax, which came out o%000+0%007. These plates have since been 
measured in declination to see whether any displacement of the combined image due to 
the variation in relative brightness of the components could be detected. With 
reference to exposures made near a maximum of the combined light, a mean displace- 
ment of about o”15 to the south was found for a group of eight exposures made about 
midway between maximum and minimum. This result is in agreement with the 
previous conclusions mentioned above. On the plates measured there was no 
evidence of elongation of the image. 


This interesting and rather exceptional object, whose position 
for 1900 is a=18533™24", 6=+8°44’, was first noted as variable 
by Espin in 1886. It is included in the list of variable stars in 
Harvard Annals, 55, 22, as star 183308, and is there assigned a 
range in magnitude from 6.5 to 9.0 in a period of 335 days. Its 
spectral classification is Md. Subsequent study of the variability 
of this star by Mr. Leon Campbell of the Harvard College Observa- 
tory based upon mean light curves extending over the interval 
from the year 1904 to the year 1921 indicates that the range is 
from magnitude 6.7 to 8.8 in a period of 337 days; M—m= 
189 days, m—M=148 days. 

Hussey in 1900 discovered that this object is a double star, 
the components being separated by o”22 in position angle 195°2. 
It appears as Hu 108 in the list of double stars published by him 
in the Astronomical Journal, 21, 35 (No. 485), 1900. 

Merrill, without realizing that the star was double, noticed that 
the spectrum of this object changed to such an extent from time to 
time as to suggest that there were two sources of light, and that at 
certain times the one predominated and at other times the other. 
Through correspondence with Van Biesbroeck, of the Yerkes 
Observatory, it was learned that in his program of remeasuring 
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all the double stars discovered by Hussey his attention had been 
attracted to this object by its deep orange color, and that he 
was measuring the pair and observing the light variation for the 
purpose of determining which of the components was responsible 
for the variation of the pair or whether both components were 
variable. The mean results of six measures which he made in 
1920 are 
1920.668 171°r 0o%218. 


Later Van Biesbroeck furnished a light curve of the pair from 
estimates of magnitude extending from July, 1920, to October, 
1921, covering more than one period of the variable, and showing 
the date of a maximum to be 1921, May 5. He also deduced the 
conclusion from estimates of relative brightness of the two com- 
ponents that the “north preceding star is the variable one.” 

In May, 1921, van Maanen completed a series of plates for 
determining the relative parallax of this object, and from them 
deduced the following result: 


1 =0'000+0"007, [a=0"000+0"020. 


Van Maanen and Merrill suggested that, since the image 
is undoubtedly displaced because of the relative change in bright- 
ness of the components, it would be desirable to measure the 
plates of the parallax series in order to discover the amount and 
direction of this displacement and thereby obtain an independent 
determination of the distance between the two, and also an 
indication as to which was varying. 

Since the plates were taken within the period during which 
Van Biesbroeck made his measures, which show the stars to 
be nearly in a north and south line, it was immediately clear 
that the displacement due to variation in magnitude would be 
almost entirely in declination. Consequently the plates were 
arranged for measurement with the stereocomparator in the 
same pairs that van Maanen had used for the parallax measures, 
but were measured in declination instead of in right ascension 
as he had done. As the plates had been taken for maximum paral- 
lax displacement in right ascension they were of necessity extremely 


190 


THE VARIABLE DOUBLE STAR X OPHIUCHI 2 


unfavorable to parallax determination in declination, but, as 
van Maanen had already shown the relative parallax to be very 
small, this feature was of no special importance for the present 
purpose. ¢i 

It should perhaps be stated that on the plates measured 
there was no evidence of elongation of the image and that con- 
sequently the settings were made so as to bisect the image result- 
ing from the combined light of the pair. 

I used the light curve derived by Van Biesbroeck for obtain- 
ing the magnitude of the pair at the times when the several 
plates were taken and assumed the magnitude at minimum to be 
the magnitude of the invariable component, and by use of the 
formula 


log b,=log by4—4/10 (n—m) 


given in Young’s General Astronomy, page 509, constructed the 
following table of values: 


TABLE I 


Ratio or Licut INTENSITY 
PiatTE No. Date CosBrNeD | __________ Mac. Var. 


———— | ee 


BOW events tereidc ee ore 1920, May 15 hee 2.98 0.25 Tish 
BOOQm es ricnec' oes 25 7.0 BeoiT 23 Ghent 
ASO 2a ere eae aise s Aug. 7 8.0 0.74 58 8.9 
ESTA Marte, Stats sav cusie’ > 8.0 0.74 58 8.9 
EO teiavie Aree is 208): 20 8.2 0.45 69 9.5 
BE QT cla snatsisi sels 8 21 8.2 0.45 69 9.5 
Coy. Lhe SA aC Meee 22 8.2 0.45 69 9.5 
BOS tye anaes oe wiehie 1921, Apr. 13 7.2 2.63 28 7.6 
BLOOM octectoinv « May 1 7.0 B37) 23 7.3 
ESTE BEO A cole teehee ices 13 7.0 Rey 0.23 ees 


By using data determined by Campbell and by Van Biesbroeck 
it was found that the star was at maximum brightness on 1920, 
June 2, and 1921, May 5, and at minimum brightness on 1919, 
November 25; 1920, October 28; and 1921, September 30. The 
mean date of the first two plates, May 20, is only thirteen days 
before the maximum of June 2, and the mean date of the last 
three, April 29, is only seven days before the maximum of May 5. 
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The mean date of the remaining five plates, August 18, is seventy- 
one days before the minimum of October 28. 

In the reductions of the measures the factors in the next to the 
last column in Table I were taken to represent the proportionate 
displacement of the image from the position of the variable star 
toward the position of the invariable one. It is probable that the 
displacement of the image of the combined light due to variation 
in one of the components does not take place rigorously according 
to the law implied in this method. However, in the absence of 
accurate knowledge at this point this assumption is the best which 
can be made as a working hypothesis. 

At first that part of Van Biesbroeck’s measured distance 
between the stars, namely 07218, indicated by the assumption 
just referred to, was applied to the measured quantities in a direc- 
tion consistent with the conclusion that the north star is the 
variable one, and the residual quantities were used for determining 
parallax and proper motion in declination. However, because 
of the small parallax factors already referred to and because of 
the short interval of time involved, the probable errors of these 
determinations were so large as to make the values entirely unre- 
liable and practically meaningless. Next an equation was formed 
for each pair of plates with the distance between the stars, as well 
as the parallax and proper motion, left as unknown. The same fac- 
tors as before were used as coefficients of the unknown distance 6. 
A least-squares solution of these equations led to the following 
results: 


m= —0108807092; s= —0%037=0"022; 6=0"348+0%025. 
Inasmuch as this computed distance differs considerably from 
the distance measured directly, corrections based upon the com- 
puted distance were applied to the plate méasures as before and a 
new determination of the parallax and proper motion made. 
The results were 
T= —O0-.012+0"102; s=—070300" 015. 

These values of + and us are at least possible, but the probable 


errors make it unsafe to attach very much weight to them, espe- 
cially in the case of the parallax value. 
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It was then decided to remeasure the plates by comparing 
each available exposure with a given exposure chosen as the 
standard, in order to detect the displacement from this standard 
position. The exposure on the plate numbered 3100 was chosen 
as standard because the date of the exposure, 1921, May 1, so 
nearly coincided with the date of the observed maximum, 10921, 
May 5. In all, fifteen exposures were compared with this standard, 
and equations formed, coefficients for 7, us and 6 (distance) deter- 
mined by the same method as before being used. The following 
results were obtained: 


1 =-+07%002 07063; us=—-0" 0010012; b= —0" 385 0%024. 


The value of the parallax agrees well with that obtained by 
van Maanen by measuring these plates in right ascension, as 
already stated. Even though the time interval is short the prob- 
able error of the determined proper motion is small, and hence 
the value of us may be relied upon with some degree of confidence. 

As for the value of the distance, the sign shows the dis- 
placement to be to the south of the standard position, and, since 
the standard exposure was made at a period of maximum, a time 
when the variable star was dominant, this fact furnishes inde- 
pendent confirmation of the conclusion by Van Biesbroeck that 
the north star is the variable one. The numerical value requires 
further consideration. ‘The displacements obtained from the 
several plates are shown in Table II. 


TABLE II 
Plate Nos. Displacement Plate Nos. Displacement 
2O7Gr-3100. 20 Se cw ae —oo1s OSes LOOm retain —o%154 
BOT Ga 3100s o's asl se s'e O35 2EZTz—3 LOO a spatelee-cielen — .194 
BOQO r= 31 COm a sts ee vide + .039 2EAOV=ZLOO, nafs cisious e601 — .105 
BODO. 3 1OO.. 3.6, 422i. 0/2 0 0 + .003 PRY. (OP EAIOOG, elo hoo oa —) 2107 
OPP EAS OE AN ASO o — .126 20533 LOOM ets = = .035 
TSO 2g = BECO chine ei crersiaere) — .II5 2033553 LOOM a aie corns =OO2 
DOT Ag = 5 SOOM ols, 05151 s102) © — .168 ZOO ZTOO Ma ercisiersrsratoue .000 
Aci XoFe Nee O ae COOMOLAL —o.190 A Irl 2S TOO geet ie iets: oe —o.018 


It has been shown that the relative parallax and proper motion 
of this object are very small, and their effect in displacing the 
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image is therefore negligible. Hence the measured displacements 
may be considered as due to the relative change in magnitude 
alone. The mean displacement of the first four and the last 
four exposures, all of which were made very near to a period of 
maximum brightness, is —o%008; the mean displacement of the 
remaining eight exposures, which were made within an interval of 
fifteen days, although seventy-one days before minimum, is—o”160. 
There is therefore a measured displacement of —o”152 in the 
interval from near maximum to seventy-one days before minimum. 
As the time during which this displacement took place is only 
one-half the interval from maximum to minimum, one might be 
led to conclude that a displacement of twice this amount would 
result from plates taken at minimum. As the distance between 
the stars obviously cannot be less than the measured displacement, 
this conclusion would indicate a distance fairly accordant with 
the computed value obtained above. Table I, however, would 
contradict such a conclusion in that it shows that on the mean 
date, August 18, of the second group of plates the invariable con- 
tributes more than twice as much light as the variable, instead of 
only an equal amount, as would seem to be required if the resultant 
image is to have a position midway between the extremes. 

It seems, therefore, impossible to reach a definite conclusion 
because of uncertainty in two respects: first, the exact magnitude 
of the invariable star upon which depend the relative amounts of 
light contributed by the two components at the times of the 
exposures and, second, the effect of variable intensities upon the 
position of the resulting image. Both of these difficulties would 
vanish in a case in which we knew that the variable was entirely 
ineffective at minimum and completely dominated the formation 
of the image at maximum, and if we had .one series of plates at 
maximum and another at minimum. The latter condition is 
not fulfilled in this instance, and it is probable that the former is 
not. The assumption of 8.6 as the magnitude of the invariable 
leads, as is seen in Table I, to the conclusion that the invariable star 
is responsible for one-fourth of the total light at maximum and for 
all of the light at minimum. It does not seem likely that the 
variable becomes so faint at minimum as to be entirely without 
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any effect in the formation of the image at that time. Even 
though it may contribute a part of the light, it may, however, 
be such a small percentage as to be ineffective in displacing the 
measured center of gravity. ~ In that case the computed value for 
the distance between the stars, 07385, would be too large. On the 
other hand the measured displacement, 0”152, although apparently 
more than half the distance between the stars, is somewhat 
smaller than the distance. The true value for the distance would 
therefore lie between these two limits. A number of suppositions 
might be made which would lead from the foregoing conclusion 
to a value almost identical with the value obtained by Van 
Biesbroeck from direct measurement. We may therefore say, in 
conclusion, that this investigation shows without any doubt that 
the north star is the variable one, and if it does not confirm the 
value for the distance between the stars it most certainly does not 
contradict it. The writer expects to continue the study of this 
pair by securing plates at maximum and at minimum. 

The suggestions by Mr. van Maanen and Mr. Merrill during 
this work were of great help and were thoroughly appreciated by 
the writer. Valuable assistance was rendered also by Mrs. Marsh, 
of the Computing Division, who checked the computations in the 
early part of the study, 


Mount WILSON OBSERVATORY 
May 1922 


195 


oa 


} uh 
vt 
ag) 


oie 
Ne 

we 

em, 


ty) ‘ 
ag ie 


" 
, 


} 
By 


Contributions from the Mount Wilson Observatory, No. 239 
Reprinted from the Astrophysical Journal, Vol. LVI, pp. 139-144, 1922 


‘ 


PARALLAXES OF STARS IN THE REGION OF 
B.D.+31°643 
By C. H. GINGRICH 


ABSTRACT 


Diffuse, irregular nebula, and stars around B.D.+31°643—A photograph made 
by Hubble with the roo-inch reflector is reproduced. From a series of plates taken by 
van Maanen with the 60-inch reflector, the parallaxes and proper motions of 20 stars 
with reference to six or seven among them which appear not to be related to the nebula, 
were determined. Five of these have color-indices from 0.74 to 095 in excess of 
normal and seem to be involved in the nebula. The mean of the parallaxes of these 
five stars is o70095+0%006. This is therefore taken to be the parallax of the nebula, 
equivalent to a distance of 350 light-years from the sun. 


The star B.D.+31°643 is of special interest because it is 
apparently imbedded in the densest part of a diffuse, irregularly 
shaped nebula extending over the region surrounding this star. 
The photograph of this region published herewith is reproduced 
from a negative made by Mr. Hubble with the 1oo-inch Hooker 
telescope, November 9, 1920, and kindly loaned to me for this 
purpose. The exposure time of this negative was 180 minutes. 

A series of plates of this same region, taken by Mr. van Maanen 
with the 60-inch reflector as a part of his regular parallax program, 
was begun in December, 1919, and finished in January, 1922. 
The stars which appear on the parallax plates are numbered on 
the photograph (Plate I), except the brightest star, whose image 
was too large for measurement. The one designated as 7 is the 
star B.D.+31°643. Mr. van Maanen gave me these plates to 
measure in order to find out whether, on the basis of the parallaxes, 
the stars could be classified in two groups, the one containing 
those stars which belong to the nebula and the other those which 
do not. 

Another basis for a separation into such groups had already 
been suggested by Mr. Hubble, namely, a comparison of color- 
index with spectral type. He had noticed that in the case of 
certain of the stars the color-index was larger than would be 
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accounted for by the spectral type, which led him to the conclusion 
that the excessive redness was due to the absorption of the blue 
light by surrounding nebulous matter. 

In Table I the first column gives the numbers assigned to the 
stars on the parallax plates and corresponding to the numbering 
on Plate I; the second and third columns give, respectively, the 
distances of the various stars from the central star in right ascension 
and declination, in minutes of arc; the next five columns were 


TABLE I 
Photo. | Spec- Observed | Normal olor- 

No a y ‘ae: ra Color- Cok ees a (Mean) # (Mean) 
Bicis se O70 OOnlll 50.07 B6 -+-o.65 |—0.14 |.0.79 | — 8] — 14 
Tha: TAB R77 Mins cteeesrate| chelere oll charnencteraete ll ove ected cation ede + 67 | — 56 
Daher ae =O! [ARS ES sleet ccois, ae) ete revere etsy eceeave me covell ov sreseterece|| eletetertrens — 17 | — 34 
IB ieiaters 7. ON|O,Onl| LL sOL Allstars =tou G SOu lets ene el tte + 13] + 25 
Alrite Ess i|—— 265) | LOnto B8 + .42 |— .07 -49 | + 31 | — 10 
G icis a's — 5.2 |—2.7 | 10.31 B8 + .48 |=) 2.07 Stl Saye eten || ae ats 
Osxes — 3.2 |—0.3 | 12.32 A2 + .7I I+ .07 64/+ 8]/+ 4 
eee — 2.7 |—2.2 | 12.08 F2 + .65 |+ .48 17|+ 2]|-+ 10 
Sinha —=H2)24 |= 12.21 TAO leis eil lieve Crake leone ere ears —14/— 5 
OQininee — 2.1 |+0.4 | 12.14 AI + .82 |-+ .03 -79 | + 28 | + 22 
TO ena — 0.7 |-+0.1 | 12.32 Bo + .71 |— .03 37 Aa tS oe 
Elacey —TOe5 aco e4a| ee leA2 Bo + 192 |— .03 595 | —2 5 1 —) 9 
1 At eather + 0.3 |+0.3 | 10.80 Bo + .80 |— .03 .83 | + 32 | + 75 
TS ORF | == 3. 0: | UTA! SSH |r carsveyell leterausiae etevere| lcreterste mera i tere cents — 44] — 85 
TAM ats ANS Qu l=E StS | TALS Aas Shy craralitter take attiets | ese ee peel ters meres + 24 | +115 
Te coves ales oy data RoE Aus ta hs eorel| ate tisen stetatle, Miran teeel| it cence + 50 | + 75 
TOPE + 3.4 |+9.5 | 11.99 Ao + .96 .00 .96 | +100 | +210 
Wet iivers FRY Ao er Oy hal (eee Ine In IAA so Gil Wese oo dllacaina.c.b oj} + 15 
TS sree ene Be Gott Oee || oA Ines. TRACE Weproco.clmeora ue — 36 | —162 
TOM ee: +11.1 |+7.5 9.40 Ko +1.53 |+1.48 | 0.05 | + 34 | -- 29 


supplied by Mr. Seares and Mr. Hubble from material now being 
prepared for publication by them; the last two columns give 
the final mean values of parallax and proper motion in right 
ascension, expressed in thousandths of a second of arc. These 
last quantities will be explained more fully later. 

The plates were arranged in pairs and measured with the 
new stereocomparator of the Mount Wilson Observatory according 
to the method developed by van Maanen and fully described 
by him in Mount Wilson Contribution No. 111. For comparison 
stars those were chosen which, according to the color-index cri- 
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terion, had no connection with the nebula. As was to be expected, 
this selection resulted in having as comparison stars those situated 
at some distance from the nebula and consequently located at con- 
siderable distances from thé center of the plate. It was accordingly 
advisable to use quadratic terms in the reductions. However, as 
the exclusion of the stars which may be connected with the nebula 
left only seven stars available for that purpose, the six plate 
constants could not be determined with great accuracy. Two 
other solutions were therefore made, omitting the quadratic terms. 
The number of comparison stars in the first solution was seven 
and in the later ones six and four, omitting those so far from the 
center as to show unsymmetrical images on some of the plates. 

The fact that the number of comparison stars available was 
small is probably not a matter of mere accident. On the parallax 
plates certain regions are easily noticeable in which no stars 
appear. It therefore seems likely that the nebula so conspicu- 
ous in certain parts of the field extends faintly over perhaps the 
entire region of the parallax plates with the result that the light 
of the fainter stars is absorbed or scattered by it. This conclusion 
is confirmed on the basis of the total number of stars on the parallax 
plates. According to Groningen Publications No. 27, the total 
number of stars would indicate that the faintest stars appearing 
are of magnitude 12.3 approximately, whereas as a rule stars as 
faint as magnitude 13.7 appear on the plates. In other words we 
should normally expect to find more than three times as many 
stars on plates at the galactic latitude of this field as are actually 
found on these. 

Moreover, as will be seen in Table II, no definite classification 
of the stars into nebulous and non-nebulous is possible on the basis 
of the parallaxes found. 

The values of parallax and proper motion in right ascension 
for each of the stars from each of the three reductions are shown 
in Table II. The first values resulted from a solution inciuding 
quadratic terms and using stars 1, 2, 3, 7, 17, 18, 19 as comparison 
stars; the second, not including quadratic terms and employing 
stars 2, 3, 7, 17, 18, 19 as comparison stars; the third is like the 
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second except that only four comparison stars were used, 2, 3, 
7, 17. The results are expressed in thousandths of a second 
of arc. 

In order to determine the weights to be assigned to each of these 
sets of values the arithmetical means of the three were formed and 
the deviations from the means noted. These deviations indicated 
that weights 1, 1, 2 should be used. Adopting these weights the 
mean values of + and pa given in the last two columns of Table I 
were obtained. The mean probable error of all the parallaxes is 
-++o”or3 and of all the proper motions is to’o19. These values 


\ TABLE II 
SUMMARY OF 7 AND pa 


p.e. T, pe Hoo pe ™; pe. Haz p.€. 
12 |— 22 7 |+ 5 Io |— 23 6 |— 30 9 
4 |4+ 57 3I |—192 45 |+100 19 |— 2r 28 
8 |— 25 ir |— 75 16 |— Io 3 |— 16 4 
4 |+ 24 7 | 4o ro 128 5 |-++ 26 7 
14 |+ 47 ir |+ 38 16 |+ 25 Io |— 31 15 
Sect e45 Say tee ayall eee el tee el eS) 7 
14 |+ 2 Ir |+ 22 16 |—- 4 SF oO 12 
lick 4 @ Ve ce |) re |i oe LOR N30 57) 6 
Bp — 34 Fe eee Gh |e Py 5 |= ro i 
16 I+ 13 8 |+ 32 iz |+ 14 6 I+ 11 9 
30 |— Io 18 |+ 12 26 |— 10 20 |— 19 29 
Io |+ 1 13 |+ 51 Igo |— 24 8 |— 52 12 
26 |+ 15 9 |+ 91 13 |+ 17 Io |+ 61 15 
16 |— 4o TO. p=" 3r 15 |— 64 12 |—126 18 
48 |— 31 8 |+ 51 12 |+ 10 18 |+125 26 
46 |— 16 8 |— 13 i |+ 35 18 |+ 88 26 
PRs Woe ted |) ee NS i FO® l=, SONNE 24aa 224 35 
2 |-— 6 8 |+ 48 i |+ 4 I § I 
21— 6 7 |— 5I Io |— 66 45 |—207 66 
I i+ 5 4 |-— 18 6 |+ 66 2x |+ 68 31 


are unusually large because stars 1, 16, 18, and 11 are more than 
10’ from the center, the limit usually set for parallax determina- 
tions, and hence not well suited for measurement. Excluding 
these stars from the computation, we find the mean probable error 
of the remainder of the parallaxes to be +07009, and of the proper 
motions +0.o10. 

A direct examination of the original negative from which the 
accompanying plate has been made would indicate that the stars 
numbered 1, 2, 3, 7, 14, 15, 17, 18, and rg are not connected with 
the nebula; that those numbered 8, 13 are probably involved in 
it; and that those numbered 7, 9, 10, 11, 12, 16 are apparently 
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enmeshed in it. There is no nebulosity visible about the stars 4, 
5, 6, but their color-indices are such as to lead one to suspect the 
presence of nebulous matter. 

Selecting from Table I those stars which to all appearances are 
imbedded in the nebula, omitting the one numbered 16 because 
of uncertainty due to its distance from the center of the plate and 
from the other stars of the group, we have for the five stars, 7, 
g, IO, II, 12, a mean relative parallax of +o”’o104. Two other 
stars, those numbered 3 and 6, have about the same parallax as 
the mean just found. The latter, as already stated, should prob- 
ably be included among the five because of the evidence furnished 
by its color-index; as for the former, no evidence of connection 
with the nebula or with the group is indicated other than that of 
its parallax. 

We are therefore led to the conclusion that the mean relative 
parallax of the five stars and hence the parallax of the nebula 
of which they almost certainly form a part is +o7’o104. By 
applying to this the correction of —o”’000g derived by van 
Maanen’ to reduce it to absolute parallax we find as the absolute 
parallax of the nebula +07%0095. ‘This value of the parallax indi- 
cates a distance from the sun of about 350 light-years. 

The very bright star in the photograph is o Persei. Two 
determinations of the parallax of this star have been made: one 
at the Sproul Observatory, +07%035; the other at the Allegheny 
Observatory, +07%003. The mean of these shows a value not 
greatly at variance with the parallax found for the nebula. 

The double star 4 and 5 is listed as number 1832 in Burnham’s 
General Catalogue and is there assigned a separation of 11714 in 
position angle 128°6. Measures extending from the year 1868 
to the year 1903 show no change in either of these quantities. 

The central starB.D.+31°643, designated on the plates used as 7, 
is also a double star. It is numbered 1836 in Burnham’s General 
Catalogue and consists of two stars of nearly the same brightness 
and only 0745 apart in 1880. Measures from the year 1891 to the 
year 1893 indicate a slight progressive increase in the distance. On 


1 Mt. Wilson Contr., No. 237. 
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the scale of our plates the two components combine to form a single 
symmetrical image. 

This investigation would have been entirely impossible at this 
time had it not been for the series of plates taken by Mr. van 
Maanen, and in a sense therefore these results are due to him. 
Furthermore, his large experience in parallax work was heavily 
drawn upon throughout this work, and numerous constructive 
suggestions were cheerfully made by him. 

The writer wishes also to express his hearty appreciation 
of the willing and generous co-operation of Mr. Seares and 
Mr. Hubble in the ways already indicated. 


Mount WILSON OBSERVATORY 
April 1922 


202 


Contributions from the Mount Wilson Observatory, No. 240 
Reprinted from the Astrophysical Journal, Vol. LVI, pp. 40-52, 1922 


oD 


INTERFEROMETER OBSERVATIONS OF DOUBLE 
STARS 


By PAUL W. MERRILL 
ABSTRACT 


Interferometer observations of double stars—(x) Revised elements of the orbit of 
Capella were obtained by combining the previously reported measurements of Ander- 
son, slightly corrected, with observations made on ten nights from October 1920 
to April 1921 using the rotating interferometer attached to the 1oo-inch telescope. 
The chief results are: P=104.022 days; a@=0%05360; a:+a,=126.63 X105 km; 


T=0'0632; M:=4.20}3 M2=3.3O0. The average residuals are 1° for position angle 
and o%0007 for separation. (2) « Ursae Majoris was independently discovered 


as a double and was measured on five nights, March 1 to April 30, 1921. The 
separation decreased from 070836 to 070772, but the position angle changed only 2°. 
One component is brighter by perhaps half a magnitude. (3) v? Bodtis was found to 
be difficult to measure as the fringes behaved abnormally, so only a rough measurement 
was possible. The system may be complex. (4) Search for new measurable double 
stars. Some spectroscopic binaries, stars with composite spectra, variable stars, and 
some bright stars taken at random—in all 85 stars, of varying magnitude down to 5.7 
(Table IV)—were examined for duplicity, but with the exception of six doubtful 
cases, § Cancri, 1o Leonis Minoris, o Leonis, e and f Ursae Majoris, and v Sagittarii, 
no changes in fringe visibility with position angle of the interferometer were observed. 


Tests by Michelson at the Yerkes and Mount Wilson observa- 
tories' showed that even in poor seeing interference fringes can be 
observed in star images with slit separations ranging from 40 to 
nearly too inches. Following these results in an attempt to make 
the interference method sufficiently accurate and convenient to 
justify its extended use in the measurement of double stars, Mr. 
Anderson devised a new type of stellar interferometer with which 
settings are made by rotating a pair of fixed slits. This instrument 
he applied with great success to the determination of the relative 
positions of the components of Capella.” His measures of distance, 
on five nights, ranged from 0%0418 to o%0505, while the position 
angles were shown to be decreasing at a rate in keeping with a 
revolution period of 104 days. A double-star orbit was computed 
by him, using the spectroscopic elements previously determined at 
the Lick Observatory. 


t Mt. Wilson Contr., No. 184; Astrophysical Journal, 51, 257, 1920. 
2 Mt. Wilson Contr., No. 185; Astrophysical Journal, 51, 263, 1920. 
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It is interesting to note that in 1900 J. Miller Barr called atten- 
tion to the desirability of attempting the observation of Capella as 
a double star by interferometer methods.’ 

The present paper is a record of further applications of the 
rotating type of interferometer to known double stars, and to a search 
for new doubles of small angular separation. The 100-inch Hooker 
telescope was used in all the observations, and practically the same 
procedure as that described by Anderson was followed throughout. 

The constants of the interferometer were redetermined inde- 
pendently. The factor which is used to reduce the actual separa- 
tion of the slits to their corresponding separation in the Gauss plane 
was found by dividing the equivalent focal length of the telescope, 
1606 inches, by 28.00 inches, the distance of the slits from the focus. 
The value thus obtained, 57.34, was checked by a direct determina- 
tion. At the upper end of the telescope tube, on the struts sup- 
porting the secondary mirror, were placed two rectangular pieces 
of wood of the same shape as the slits, but with dimensions slightly 
smaller than those of the slits as projected in the Gauss plane. 
Thus, when the telescope was directed to a bright star, by removing 
the eye-piece and placing the eye at the focus, the blocks could be 
centered in the slits, leaving lines of light at the edges. The 
separation of the blocks, divided by the separation of the slits, 
gives the factor desired. This experiment yielded the value 57.2, 
which was thought to be a trifle small. The factor adopted for 
all the reductions was 57.3, which falls within the limits of uncer- 
tainty of both determinations. 


CAPELLA 
R.A. 1900= 5'9™3; Dec. 1900=+45°54’; Mag. 0.2; Class Go. 


Additional interference measures of Capella have been made 
by the writer on ten nights, and a revised orbit has been cal- 
culated. 

As the series of observations was made during the winter months 
poor seeing was frequently experienced. Although the observing 
routine could usually be carried through in the regular way, on a 
few occasions the conditions became so bad that reliable settings 


t Astrophysical Journal, 11, 248, 1900. 
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could be made only by watching patiently and utilizing the best 
moments. The nights on which bad seeing prevents interferometer 
observations of Capella are quite rare. This is not true to the 
same extent of fainter stars. 

The new measures of Capella appear in Table I, in which the 
third column, with the heading Slits, gives the separation (in 
the Gauss plane) of the slits; the fourth column, 7, contains the 


TABLE I 


OBSERVATIONS OF CAPELLA 


Date geal te Slits n 0 p 
7920, Oct. §s....|) To2rs™ 174.2cm] 46°65 253°9 | 474 
Nove .3* 2. 13220 142.8 24.75 164.8 | 437 
14 05 L1Sa3 41.90 164.6 | 440 
I4 39 203.6 50.80 163.8 | 441 
| 
ro2r ajan. “124: 3%. 7 36 142.2 30.12 263.5 | 461 
8 31 172.6 45.25 262.9 | 467 
9 08 202.9 52.65 262.2 461 a 

IO 25 202.9 51.78 261.2 | 452 | Weight 4 
fans 3. 7 O7 142.2 43.45 Dict sipe || Tigo) 
J 7 19 172.6 52.40 214.0 539 
7 29 202.9 58.82 214.8 540 
7 46 123.9 B3e32 212.8 | 548 
Febio i2ae.c. 7 38 172.6 52.67 209.8 | 542 

ae 2 142.2 43.30 208.6 548 ; 

8 55 202.9 58.07 207.9 | 529 | Weight 3 
NIE bade ee ane, oNs2 172.6 36.05 106.0 | 4II 
Tato 202.9 47.00 105.6 | 410 
a oR 232.8 53.25 106.2 | 407 
Mar. 2 6 44 202.9 48.32 LOLS 2 BAe 
Or52 172.6 BOne2 102.4 | 424 
7 04 232.8 54.35 Ior.4 | 418 
Mar. 3 6 52 172.6 39.27 98.1 |4425 
7 08 202.9 48.10 97.8 419 
7 23 232.8 54.05 98.4 | 415 
Wa Tee 3 Eeneic: FeO, 172.6 51.00 TGC) |} 13%) 
Vm28 202.9 56.60 14.2 | 508 
7 38 142.2 38.87 TAP Sees LS 
ADT. selurace 7 16 142.2 377.150 rig, ll eto: 
Gf BS 172.6 48.65 IIl.4 498 
755 202.9 56.32 ite 504, 
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angle of projection for minimum fringe visibility;* the fifth column, 
6, the position angle of the components; and the sixth column, p, 
their separation in units of one ten-thousandth of a second of arc, 
ie, 474=0"0474. The effective wave-length was taken to be 
5500 A. 

In Table II are collected the mean values for each night. The 
weights assigned depend principally on the number of complete 
individual observations. The total number of settings was 
increased during poor seeing in an attempt to give approximately 
standard accuracy to each complete observation. Since the factor 
57.3 is samewhat smaller than that used by Anderson in the 
first observations, it was decided by mutual agreement between 
him and the writer that it would be better to change the original 
reductions. Hence the first five values of p in Table II are larger 
by 2.4 per cent than the corresponding figures in Contribution 


No. 185. 
TABLE II 


MEAN Co-ORDINATES OF COMPONENTS OF CAPELLA 


G.M.T (7) O-C p O-C | Weight 
(c)) rorosDechaso. 65a ell sae See 428 | +3 3 Anderson 
(2)r920) Rebar Oscar 5.0 | +2.21 460 — 7 z Anderson 
(3) Hebi i42O5sra 1.0 | +1.6 | 462 — 6 I Anderson 
(4) Heb: ii520045sen 356.4 | +o.5 |] 454 | — 6 I Anderson 
(5) Maria) 05 03on 242.0 | +1.9 | 517 | +10 3 Anderson 
(6) Bio | Done a mu LO 70a Uat-Om aan herent | areata 4 Anderson 
(7) Oct. (ONG yh cee 253.9 | +2.6| 474 -—7 A> ai ooieters 
(8) INOW, SOL ca ou 164.4 | —1.6 | 439 | — 4 TNs sails ares 
(0) rO2T ane Oo ee 262.6 | —o.1 401 +5 TE)” |S euecenerage 
(10) ONS eO4 eee 213.8 | -+-0.6 | 544 | +11 Te! lin. vontettetere 
(11) Feb. ASO 66 ac 208.9 | +1.1 | 542 +14 tT. een 
(12) Marae o steer 105.9 | —0.9 | 409 | —11I I> Alsat cea 
(13) Wiki BEG oho. tor.6 | —1.1 | 421 — 5 TSAR eres 
(14) Mar) 330 3)oceee 98.1 | —o.4 | 420 | —12 I. ine anes 
(15) Maire ot Oane ee 14.5 | —1.0] 514 | +7 Tr Ol oeeeciye 
(16) Apres reO Saree 1r.5 | —1.0| so2 | + 2 T° [1] Sseecrees 


The orbital elements deduced by Anderson gave a fair 
representation of the additional observations but it was found 
possible to make some slight improvements. 

* The out-of-step appearance of the fringes shown in Anderson’s laboratory 
experiments (see illustration in Mt. Wilson Contr., No. 185) was not observable. 


Accordingly the sensitive method of fringe bisection could not be used, but settings 
were made for the minima of visibility. 
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By comparing recent spectroscopic observations at Mount 
Wilson with those made at the Lick Observatory in 1900 San- 
ford’ has found that the original figures for the period, 104.022 
days, are very nearly correct. Accordingly this value has been 
used throughout the present computations. 

Preliminary trials showed that the eccentricity is probably 
smaller than 0.016 as given by Reese. Hence it did not seem 
necessary to vary both T and w. The date 2422596.79 was chosen 
for T by trial and retained thereafter. This corresponds to a 
periastron time o.8 days later than that adopted by Anderson. 
Corrections to @ and to 8 were then found by direct algebraic 
processes. Finally a least-squares solution was carried through 
for the elements w, 7, and e. This yielded very small corrections 
to the preliminary values. 

The adopted elements follow: 

T=J.D. 2422596.79 

P=104.022 days, angles decreasing. 
w= 114°30 

i= — 41°08 
8 = 38°70 

€=0.0086 

a@=0705360 


To these may be added the following quantities found by com- 
bining the foregoing elements with the spectroscopic results: 


a; +4,=126,630,000km m:=4.2© 
T= 010632 M2= 3.30 


The residuals from these elements are given in Table II. They 
are considerably larger than one might expect from the degree of 
accordance of the individual observations as shown by Table I. 
Moreover, observations made on successive nights exhibit a 
tendency toward similar residuals. This would seem to mean 
either that there are systematic errors in the observations, or that 
the best orbital elements have not been found, or that the orbit is 
not a true ellipse, or that there is present a combination of two or 
three of these causes. 


t Publications Astronomical Society of the Pacific, 34, 178, 1922. 
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As to systematic errors it must be admitted there are possi- 
bilities of slight effects. For instance, no ready direct method 
was found of checking the position angle circle of the interferometer 
when attached to the telescope, so that the actual position angles 
of the slits may conceivably have differed by small amounts from 
the angles as read from the circle. Again, the condition of the 
telescope mirrors, the position of the struts supporting the secondary 
mirror, the settings of the compensator, the exact location of the 
focus, the condition and position of the observer’s eyes, may have 
been responsible for small systematic errors. For the most refined 
results in an extensive investigation all these factors should receive 
attention. j 

In regard to the orbital elements it may be that a different 
set of values would give smaller residuals. Indeed it has been 
found by taking T = 2422563.76, w=0°o, ¢=o.01, that the residuals 
in p are considerably reduced while the 6 residuals are somewhat 
increased. With a circular orbit the representation is also very 
good. This indicates that as far as the interferometer observations 
are concerned the eccentricity and the time of periastron are 
practically indeterminate. As compared with the spectroscopic 
orbit this condition doubtless arises from the flexibility of the 
double star orbit due to the inclusion of the element representing the 
inclination of the orbit plane. By varying the orbital elements 
arbitrarily a better set of residuals than those in Table II could 
probably be found, but in view of the spectroscopic data there 
would apparently be no physical justification for such procedure and 
it has been thought better to retain the elements given on page 207 
until future observations shed more light upon the situation. 

One curious feature appears with several different trial sets of 
. orbital elements, namely, that the early observations persist in 
giving positive residuals for 9 (O—C). This may be due either to 
a systematic difference between Anderson’s observations and the 
writer’s, or to perturbations causing the position angle of the real 
node to decrease with time at the rate of about 2°4 per year, or 
about 0°6 in one orbital revolution. The physical interpretation 
and probability of such a perturbation may be a matter of interest 
to mathematical astronomers. 
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If, from the orbit adopted in this paper, we compute the position 
angles corresponding to the Greenwich observations! in 1900 (mean 
places), we find a fairly consistent set of residuals averaging +18°. 
Compared with the interferometer observations, this residual 
would be removed by a motion of the node of o°9 per year in the 
same direction as that suggested by the residuals of the inter- 
ference measures themselves. 

Capella presents one of the very small number of cases in 
which a comparison of the visual and spectroscopic data leads to 
an accurate value of the parallax. The value found in the present 
investigation, 07063, agrees well with the mean trigonometric 
determination, 0”067, and the spectroscopic value,? 07076. 


K URSAE MAJORIS 
R.A. 1900= 845678; Dec. 1900= +47°33'; Mag. 3.7; Class Ao. 


On the night of March 1, 1921, Mr. Anderson and the writer 
were engaged in making some tests in connection with the stellar 
interferometer attached to the Hooker telescope, of a special 
apparatus? devised by the former to produce an artificial double 
star of known separation by means of which the constants 
used in the regular reductions might be checked. It consisted of 
a quartz plate two and a half millimeters thick, cut at 45° to the 
optic axis, which, when mounted in the converging beam, trans- 
formed a single star into a double star having a separation of 
12 microns, which corresponds to 0”06 at the Cassegrain focus of the 
Hooker telescope. When the telescope was pointed toward x Ursae 
Majoris and the observations were begun, anomalous results were 
obtained. Instead of the usual four minima in a complete revolu- 
tion, a larger number appeared. We recognized that the behavior 
corresponded to that of a quadruple star and surmised that the 
star would be measurable as a double without the quartz plate. 
Proceeding at once to verify this by removing the quartz plate 
and making settings in the ordinary manner, we determined the 
position angle and separation to be 251°9 and 070836. It was not 


t Monthly Notices, Royal Astronomical Society, 61, 72, 1901. 
2 M:. Wilson Contr., No. 199; Astrophysical Journal, 53, 34, 1921. 
3 Mt. Wilson Contr., No. 222; Astrophysical Journal, 55, 48, 1922. 
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until a few days later that we learned that this star is a known 
double, A 1585, discovered by Aitken’ in 1907 when its separation 
was about twice as great. This incident illustrates the fact that a 
close quadruple star can readily be detected by the interference 
method. 

Subsequent interferometer measures made during March and 
April 1921 showed that the separation was decreasing at the rate 
of o”003 per month, and the position angle by about one degree 


per month. 
TABLE III 


MEASURES OF « URSAE Magjoris 


Distance 
ov ar Aitken, micrometer 


225 Aitken, micrometer 
apa Aitken, micrometer 


9900000 
fe) 
co 
wW 
Ww 


In good seeing the fringes are quite distinct even at minimum 
visibility, showing that the components are not equal. The magni- 
tude difference is perhaps two or three times as great as in Capella, 
but probably does not much exceed one-half of a magnitude. 


vy? BOOTIS 
R.A. 1900= 15528"2; Dec. 1900=+ 41°14’; Mag. 5.0; Class A2. 


At the suggestion of Dr. Aitken the double star v? Bodtis, 
A 1634,? was placed upon the observing list. This close double of 
separation o’r or less had been found to be a difficult object 
to resolve with the Lick 36-inch refractor. His observations? 
indicate that the position angle has decreased from 237° in 1907 
to about 213° in 1920. 

Examination of this star with the interferometer showed that 
the visibility changed as the slits were rotated, but observations on 

t Lick Observatory Builletin, 4, 168, 1908. 

2 Tbid. 

3 Kindly communicated by letter. 
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different nights, and with different slit separations, did not yield 
the consistent results obtained with Capella and « Ursae Majoris, 
and to be expected of any double star. The observations were 
rather difficult on account of the faintness of the image. The 
regular sized slits were employed although it might have been an 
advantage to use larger ones. 

On the night of June 18, 1921, immediately following rather 
unsuccessful attempts at measurement, this note was written: 


Seeing and visibility are good but settings on v? Boétis seem almost impos- 
sible. Fringes are certainly visible in all position angles at 108.9, 142.2, 172.6, 
and 202.9 cm (slit separation). It is a question of small differences in visibility; 
these differences seem smaller tonight than previously. One must guard 
against the physiological factor that fringes appear more distinct when parallel 
to the line joining the eyes. This may cause some of the above readings to 
be illusory. However, I believe there are real variations in visibility. Perhaps 
the star is triple or complex. Sometimes there appear to be regions 20° to 30° 
wide of low visibility. There appear to be ‘“‘shoulders”’ in the visibility curve; 
ie., the visibility drops off on rotating 5°-10° but does not return at once on 
rotating further. Star is a puzzle so far. Perhaps a wide double with one 
star a close pair. 


Mr. Humason also examined this star on the same evening, June 18, 
1921, and thought the variations in visibility to be real. 

Ii we assume the object to be a double star the most probable 
result deduced from all the settings appears to be = 192°, p=o"061. 
This depends very largely on observations with a slit separation 
of 142.2cm. ‘The mean epoch was May 1921. 


EXAMINATION OF STARS FOR DUPLICITY 


A number of stars have been tested for evidences of duplicity 
by looking for variations in the visibility of the fringes as the slits 
were rotated. Slit separations up to 200 cm (80 inches) were used 
in nearly all cases. The stars in Table IV exhibited no appreciable 
variation of fringe visibility with position angle of the slits. If 
these stars are double, their components could not have been as 
much as 0”03 apart on the date of observation, provided their 
magnitudes are nearly equal. If the difference in magnitude is 
greater than o.5, changes in visibility might escape detection 
unless the circumstances were especially favorable. The stars 


211 


10 PAUL W. MERRILL 


examined include spectroscopic binaries, stars with composite 
spectra, variable stars, and some bright stars taken at random. 


TABLE IV 
Stars APPARENTLY SINGLE 


Star Mag. R.A. 1900 Star Mag R.A. 1900 
(TITRE lonteraintg 60 var. gh rm id BOGS tae fener 4.8 145 5mg 
CeUa CE Nh a he papers oc 3.0 Beek eal / a Bootis........ 0.2 TAs 
Bi Alnigaean.eeee Bey (6) ite, A Boétis........ 4.8 14 13.8 
ys Aurigae....... Gas 6 39.5 G-Bootisiaeer pane Ag I4 21.8 
a Geminorum....| 2.0,2.8 | 7 28.2 PuBOGtis ane ak 3.8 TANTS 
6 Geminorum.... 1.2 fee) EnBOGLISHE ert: 2/755 5 \e0A Aone 

AOL yNCISmeie sete Boe Q) 15-0 }|/109" Virgimis)2).- ce 3.8 14.41.2 
6 Urs. Maj...... Bye 9 26.2 ‘B BOGUS ace 3.6 14 58.2 
e Leonisee eae Ben Q 40.2 OMBOOtISn. eres aus TS) Tios 
MICOS sleet 356 tox) AAO) ¢, Draconisa- nace 35 seo oe 7 
@ulleonise nee ihe TOM SEO B Cor. Bor BT PSs 
Ners: Mayes a5 TOek ie 5 VUBOOUSa eer Bee hi Ope) 
¢ Leonis 3.6 LOMEL GL aq CorBorna. 253 I5 30.5 
mo Urs Maya. See IO 16.4 kK Serpentis....... 4.3 15 44.2 
PeLeOnismy were Bete IO 27.5 GescOnpilceren oe Dae 16 23.3 

40) Leow Mine ae a. 3.9 IO 47.7 Baklerculisunys 2.8 TO 25.9 
wv Urs. Maj Bef It 4.0 a ELerculiss.erien Baya e 4a tel Ore 
6 Leonis. . 2.6 it S.6 OsHerculiss. cer Qe I7 10.9 
& Urs. Maj AGA ATO) |enL ot 2 10 a ELerculistn ena 3.4 nerf igi aes) 
p UrssiMlayi. we Bey Piatt onblercillicep ri 3.8 hes Bha(0) 
NWirseNlaieam rer 3.8 II 40.8 @ perpentisemnrn Be Tou 22m 

3) Weonisrerc 4.5 Ir 42.8 @ WVIAC a ee o.1 18 33.6 
B Iceonissaa.s5aer 2.2 II 44.0 Baliivtaewseys aces Var. 18 46.4 
iB VIL CINIS eee 3.8 Tt (4605 tne Leerculisce smn. 4.6 18 50.5 
yo Urs) Maje.o.-¢ 2.5 Ir 48.6 BeCVenign.e nner B2n 524. EOQNZOEe, 
OWUrsa Mayne ona 2 10.5 On Sacittacra. ee 3.8 IQ 42.9 
vi COLVI See 2.8 T2rOny nm Aquilae....... Var. | 19 47.4 
m) Virginiss,. sae 4.0 PMR O te pee KOnma ls oh 5 ciao. 4.0 20 10.5 
6, Corvin see oan Ney PSG) Nil Ger (OnMeaTIL, O55 Goa Ae 2Oer2e4 
SxCan Vieniaraes 4.3 I2 29.0 8 Capricorni..... Gow 20 15.4 
OM VATEINIS eee ae Bai T2 5020 eave C VeOnin a. cersmrs 4.8 20 30.0 

AsyCom:) Berens 4.3 Te Gabquulelnc..se 4.1 21 10.8 

20) Can Viensan cn: a9) D3 13)\a0 || arp epasiee sence 5x0 21 45.4 
Urs) Maye acc 24,440 | £3 20.6 OmWephels vee Var Oneal 

17 Can. Ven EZO 13 30.3 CASI evar. cae Boi 2238.3 
7 Boots. pemeeer 4.5 13) 4255 o Androm....... 3.6 DANSE 
7m BOOLISH ae ie a: 2.8 I3 49.9 

NOTES 


7528"2, a Geminorum, both components, 2.0, 2.8. 
Ir 12.9, & Urs. Maj., both components, 4.4, 4.9. 
13 19.9, ¢ Urs. Maj., both components, 2.4, 4.0. 
14 40.6, e€ Bodtis, both components, 2.7, 5.1. 

17 10.1, a Herculis, both components, 3.5, 5.4. 
18 22.1, d Serpentis, brighter component, 5.3. 
19 26.9, 6 Cygni, both components, 3.2, 5.4. 
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Although the dates of observation, slit separations employed, 
the seeing,-and notes on any apparent peculiarities were, of course, 
recorded in the observing book and will be made available to 
anyone interested in a particular star, these details do not seem 
worth publishing. For the most part the dates of observation lie 
between February 1 and June 17, 1921. Several stars observed by 
Anderson about a year earlier are included in Table IV. On 
a few nights Mr. Humason alternated with the writer in the exami- 
nation of stars for duplicity. 

Variations in visibility for f Ursae Majoris (R.A. 1900 =9"1™9; 
Dec. 1900 =+52°0’; Mag. 4.5; Class A3p) were suspected on the 
night of April 30, 1921, but a complete set of minima as for a double 
star was not obtained and the variations were not definitely 
confirmed. 

The following stars were also suspected of changes in visibility, 
but the reality of the changes is doubtful. They do, however, 
deserve careful re-examination, which it is hoped other observers 
will give them, as the double star work at the Mount Wilson 
Observatory has been discontinued. 


Mag. R.A. 1900 

jn Cancricamentesr ccm AZ 8h 30Mo 

BOLO eimnorer ae scene ser ele 4.6 9 28.1 
OMmLcODISntal tara tin ekhoae.s 3.8 9 35.8 

arse Mates er ees ion Le7, I2 49.6 

PPoOaiLtarilerns ys cee sos 4.6 19 16.0 


In searching for doubles with the interferometer, poor and, in 
particular, variable seeing is a great disadvantage and renders 
conclusions uncertain. To illustrate this the following quotations 
from the observing record may be of interest. 


y Boétis R.A. 1900= 14528"1; Dec. 1900= +38°45’; Mag. 3.0; Class F. 
1921 April 1 Seeing fair. ‘‘Several times suspected slight variations but 
cannot make any settings. Probably single.” 

June 16 Seeing poor. “‘Visibility very low on account of poor seeing. 
Fringes seen only by rare glimpses.” 
June 18 Seeing fair. “Round.” 
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y Lyrae R.A. 1900= 18455™2; Dec. 1900= +32°33’; Mag. 3.3; Class A. 
1921 April 30 Seeing good but rather irregular. “Suspect slight variation 
but may not be real.” 

June 14 Seeing poor and variable. ‘‘Followed around at 142 cm with 
some suspicion as to variability (doubtless due to variable 
seeing). Followed partly around at 173 cm but seeing turned 
very poor and fringes disappeared.” 

June 17 Seeing poor. “About equally distinct in all position angles 
at 142cm and 197cm. Fairly well seen by waiting for best 
moments.” 

While complete disappearance of the fringes, as for a close double 
of equal components, would be noticed in any except the very 
worst seeing, small variations in visibility cannot be recognized 
with certainty in poor and irregular seeing. Thus the suspected 
doubles noted in preceding paragraphs may be spurious, while 
some of the stars in Table IV may prove to have small variations 
in visibility, due to unequal components, which were overlooked 
by the writer. The brighter the star the less the difficulty caused 
by the seeing. 


GENERAL REMARKS 


In the Mount Wilson interferometer the slits are separated by 
turning a divided head, the readings of which are calibrated in 
terms of the actual slit separation. For systematic double star 
observations it would probably be better to replace this design by 
a metal plate containing pairs of slits at several fixed separations 
so arranged that any pair could be easily moved to the center of 
the field, the others remaining covered. Time would be saved 
in observing and the possibility of errors in setting and read- 
ing the separations greatly reduced. The separations, moreover, 
would not be subject to change with time or with readjustment 
of the instrument, unless the distance of the plate from the focus 
were changed. 

The accuracy of the results obtained by Anderson’s method of 
rotating the apertures and the convenience with which it can be 
applied are so great as to make it probable that this method will 
become very important in the future of double star astronomy. 
The range in the separations and magnitude differences of the 
double stars to which it can be successfully applied is, of course, 
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small, but the interferometer results would supplement the ordinary 
micrometer measures in a most desirable way, making it possible 
to follow some very close, and especially interesting pairs with 
highly satisfactory precision. The new pairs discovered by the 
interferometer will not be numerous as compared to those now 
known through direct observations, but they are likely to be of 
very great individual importance. 

The present investigation has been greatly facilitated by Mr. 
Anderson’s kindness in placing his experience with the stellar 
interferometer in so far as possible at the disposal of the writer, 
and by considerable assistance in securing and recording the 
observations. This kindness is gratefully acknowledged, as well 
as that of Mr. Humason in aiding with the observations on several 
nights. 

Mount Witson OBSERVATORY 

April 1922 
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A GENERAL STUDY OF DIFFUSE GALACTIC NEBULAE 
By EDWIN HUBBLE 


ABSTRACT 


Suggested classification of nebulae.—Since the time of the Herschels, photography 
and spectroscopy have revolutionized the study of nebulae. The classification here 
suggested is based upon the fundamental differences between galactic and non- 
galactic nebulae. Galactic nebulae are subdivided into planetary and diffuse (lumi- 
nous and dark), and non-galactic into spiral, elongated (spindle and ovate), globular, 
and irregular. The characteristics of each are discussed. The belief expressed by 
Curtis that all non-galactic nebulae are spirals is not justified by the facts. 

Distribution of diffuse nebulae——As shown in Figure 1 these nebulae are con- 
centrated along two belts. One is the Milky Way and the other is approximately 
the belt of bright helium stars which defines the local cluster. Very few seem to 
occur in the vast regions between the Milky Way clouds and the local cluster. 

Spectral characteristics of galactic nebulae and of associated stars —(1) Diffuse nebu- 
lae. Some preliminary results, obtained with slitless spectrographs of various disper- 
sions, are presented for sixty-two nebulae outside the Magellanic clouds, including the 
twenty-one whose spectra were previously known. They fall into two groups (Tables I 
and II): Group 1 contains thirty-three, giving predominantly continuous or absorp- 
tion spectra; and Group 2, twenty-nine, giving predominantly emission spectra. 
The members of the ‘“‘continuous” group have generally a smooth, cloudy structure and 
most of them are found in our local cluster, while those of the emission group are 
more likely to be filamentous and wispy and to lie in the Milky Way clouds. In the 
emission spectra the N, and N; lines are much weaker in comparison with Hf than 
in spectra of normal planetaries. (2) Stars associated with diffuse nebulae have been 
studied with slit spectrographs attached to the Mt. Wilson reflectors (Tables III 
and IV). Stars involved in nebulae having continuous spectra are nearly all of type 
Br or later; but stars involved in emission nebulae nearly always have spectra 
earlier than Br, rarely showing any bright lines. (3) Stars associated with planetary 
nebulae show a corresponding relation. In fact, there is a steady progression in 
type from the Wolf-Rayet stars involved in small planetaries, through those 
involved in large planetaries, to the stars of types Oe5—Bo associated with extended 
diffuse nebulae of Group 1 and the stars of type Bx and later associated with diffuse 
nebulae of Group 2. A detailed discussion shows that, with the exception of the 
Cygnus loop and perhaps three other difficult or doubtful cases, each galactic nebula 
has associated with it one or more stars of a type conformable to its own spectral 
type. (4) This definite relation between the spectra of the nebulae and of the asso- 
ciated stars suggests that the source of luminosity of the nebulae is the radiation from 
those stars. According to this view, the nebulosity has no intrinsic luminosity but 
either is excited to emission by light from a star of earlier type or merely reflects light 
from a star of later type. From a consideration of the nebulosity around Rigel it 
appears that this luminosity may be excited at a distance of twenty light-years. 

Nature of diffuse nebulosity—From the foregoing results the nebulosity seems to 
consist of clouds of matter, molecules, dust, or perhaps larger particles, not hot enough 
to be self-luminous, but visible because of light excited by or reflected from involved or 
neighboring stars. Nebulae with continuous spectra seem usually more opaque than 
those giving emission spectra. Whether the association of such stars and nebulae is 
permanent or temporary is not yet known, but may be determined by studies of the 
radial velocities. 
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ulae.—Five are listed: Table I, Nos. 4, 5,15, and 21; Table II, 
No. Dales a bright cometary nebula with a thirteenth-magnitude star at 
the apex; a=653™1; 5=+18°42’ (1920). » / ; 
Radial velocities of five stars associated with galactic nebulae.—Results are given for 
stars associated with N.G.C. 1514, 6514, 6523, and 7635. Of these B.D. —23°13804 
and Boss 4560 are binaries. 


CLASSIFICATION OF NEBULAE 


The classification of nebulae from visual observations was of 
necessity based upon resolvability, brightness, size, and form. 
Thus Sir William Herschel distinguished between clusters and 
nebulae and devised, for the latter, three classes for brightness, a 
fourth for definite form, and a fifth for extra large size. It is true 
that he mentioned in his discussions the terms ‘milky nebulosity,” 
‘nebulous stars,’ and ‘‘stellar nebulae”; that his penetrating 
genius recognized the existence of nebulous fluid in the nebulous 
stars and probably in such milky nebulae as the great one in 
Orion, in contrast to the stellar nebulae or burred stars which he 
considered as distant clusters; that, in short, he did realize a dis- 
tinction between planetaries and diffuse nebulae on the one hand 
and on the other the non-galactic nebulae; but throughout his 
researches he adhered strictly in catalogues and descriptions to 
the five classes: bright, faint, very faint, small with definite borders, 
and exceedingly large. This formal classification was elaborated 
by the simple system of abbreviation, still in general use, by which 
each object was described in considerable detail. 

Sir John Herschel developed his father’s system. His genera- 
tion had discarded Sir William’s idea of a nebulous fluid, as a 
direct result of the resolution of nebula after nebula by Lord 
Rosse’s great mirrors. Even the Orion nebula, last stronghold 
of the nebulous fluid advocates, had been announced as resolved 
by the Parsonstown observers, and the central star in N.G.C. 1514, 
the great brightness of which as compared to the surrounding nebu- 
losity had led Sir William to his belief in a nebulous fluid, was being 
explained not asa single star but as an exceptionally compact cluster 
of stars. 

This state of affairs led Sir John Herschel! to avoid the discus- 
sion of physical distinctions among nebulae and to elaborate his 


* Cape Results (1847), p. 137. 
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father’s formal classification in an ingenious manner. All nebulous 
objects were divided into regular and irregular, and the latter 
alone into nebulae and clusters, according to the difficulty of 
resolving them. 

Regular nebulous objects were classified according to magnitude, 
brightness, roundness, condensation, and resolvability, with five 
degrees of each expressed by numbers. Thus a bright globular 
cluster would be 22322, meaning large, bright, round, condensed, 
and resolved. A small spindle might be classed as 43435, small, 
faint, elongated, considerably brighter center, irresolvable. 

Irregular nebulae were classed as subregular, compact, branch- 
ing, convoluted, cellular, fissured, and cometic, although Sir John 
remarks that these objects are so diverse that each one might well 
represent a separate class. Each subdivision was arranged in 
five orders of magnitude and brightness. 

Here again is a tendency to distinguish between galactic and 
non-galactic objects, for the regular nebulae, although including the 
planetaries, for the most part make up the non-galactic nebulae, 
while the irregular are in general galactic nebulae. 

This system of classification did not win a general acceptance 
because of its very elaboration and also because of the subsequent 
introduction of spectroscopy and photography. The new methods 
of research revolutionized the study of nebulae and the basis of 
nebular classification. Sir William Herschel’s ideas were restored 
in part at least, for the existence of nebulous fluid in the form of 
gas or dust clouds in the planetaries and diffuse nebulae became a 
recognized fact. The old question of resolvability is now restricted 
to spirals and the kindred small non-galactic objects. There has 
slowly emerged a general recognition of the fundamental difference, 
hinted at by the Herschels, between planetaries and diffuse galactic 
nebulosities and the objects, spirals and others, that swarm in 
regions of high galactic latitude. 

Curtis has expressed this new point of view by dividing nebulae 
into three classes—planetaries, diffuse, and spirals. In explanation 
of the term “spiral” he states: “It is my belief that all the many 
thousands of nebulae not definitely to be classed as diffuse or plane- 


t Adolfo Stahl Lectures (1919), p. 98. 
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taries are true spirals and that the very minute spirals appear as tex- 
tureless discs or ovals solely because of their small (apparent) size.” 

His argument for the truly spiral nature of all these non-galactic 
nebulae is this: ‘‘Were the great Nebula in Andromeda situated 
five hundred times as far away as at present, it would appear as a 
structureless oval 0/2 long, with very bright center, and not to be 
distinguished from the thousands of very small round or oval 
nebulae found wherever spirals are found. There is an unbroken 
progression from such minute objects up to the great Nebula in 
Andromeda itself. I see no reason to believe that these very small 
nebulae-are of a different type from their larger neighbors.’’ 

This argument is a daring extrapolation and is not justified by 
our present knowledge of nebular forms. Only a few hundred of 
the thousands of nebulae photographed show distinct traces of 
spiral arms. Objects of the most diverse forms, were they removed 
to the proper distances, would appear as faint “‘textureless discs or 
ovals” on the photographic plate. Curtis’ extrapolation is not 
warranted unless all the larger objects examined show positive 
evidence in favor of, or at least no evidence against, a truly spiral 
structure. 

Now the well-known irregular nebulae, N.G.C. 2366, 4214, and 
4449, are unquestionably non-galactic and of considerable size, but 
by no stretch of the imagination, nor by any orientation, can these 
objects be termed true spirals. Yet many true spirals are recog- 
nized, which have diameters a tenth and less the diameters of these 
nebulae. It is possible of course to consider the irregular objects 
as rare exceptions to the general run of non-galactic nebulae. 

Stronger evidence of non-spiral forms is found in a class of 
objects which may be termed globular nebulae. Some of the 
brighter examples of this type are M 40; 60, 84, 86, and 87, which 
average about two minutes of arc indiameter.; Repeated attempts 
with the 1oo-inch reflector under excellent observing conditions, 
using exposure times from one minute to nine hours, have failed 
to show any trace or suggestion of spiral structure in the objects 
mentioned. M 32, the smaller and brighter companion of the 

* Publications of the Lick Observatory, 13, 12, 1918. 2 Loc. cit. 

3M 60 and M 87 are shown in Plate IT, 
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PLATE II 
North 


GLOBULAR NEBULAE 


a. M 60, N.G.C. 4649 Globular 1mm=472 
N.G.C. 4647 Spiral 
b. M 87, N.G.C. 4486 Imm=5-2 


Photographed with the roo-inch Hooker reflector 
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Andromeda nebula, is a slightly elongated variant of the globular 
type which also fails to show spiral characteristics under the 
resolving power of the 1oo-inch reflector. A long list could be 
compiled of non-galactic nébulae with diameters over a minute of 
arc which show no indication of spiral structure under the highest 
resolving power available. The number is comparable to that of 
the known spirals. A progression in size of these globular objects 
can readily be formed running from diameters of over two minutes 
of arc down to the limits of photographic plates. Toward the 
lower end of the sequence they merge into the spirals so that the 
two types become completely indistinguishable (Plate II). 

These globular nebulae may be considered as belonging to the 
same family as the spirals—distribution, velocities, spectra, non- 
stellar nuclei, and symmetry of form suggest as much—but there 
is no shadow of evidence for calling them spirals in fact. 

Curtis’ classification, however, is easily the most significant that 
has been proposed up to date, and with some modifications would 
be acceptable as a system the general use of which should be urged. 
There appears to be a fundamental distinction between galactic 
and non-galactic nebulae. This does not mean that the latter class 
must be considered as “outside” our galaxy, but that its members 
tend to avoid the galactic plane and to concentrate in high galactic 
latitudes. The distinction seems to be fundamental in a physical 
sense as well as in distribution. Galactic nebulae are in general 
associated with stars; even the dark nebulosities are detected by 
their obscuration of stars. Non-galactic nebulae show no effect 
on stellar distribution in their neighborhood and have no stars 
definitely associated with them save those occasional novae which 
have flared up in a few spirals. The distinction can also be traced 
in form, texture, velocity, and spectrum, with little if any overlap. 
In fact, one can say that in no case, except possibly the Magellanic 
clouds and the similar object N.G.C. 6822, is there any question, 
from its photographic appearance alone, as to the class to which 
an individual nebula belongs. 

Once this major division is recognized, the subclasses of galactic 
nebulae follow directly. They are planetaries and diffuse nebulae. 
Diffuse nebulae can be divided into luminous and non-luminous 
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or dark nebulae. More detailed classification of these groups will 
depend upon form, spectrum, and relation to stars, and can well 
be left to special investigators. 

Subdivision of non-galactic nebulae is a much more difficult 
problem. At present and for many years to come their classifica- 
tion must rest solely upon the simple inspection of photographic 
images, and will be confused by the use of telescopes of widely 
differing scales and resolving powers. Whatever selection of types 
is made, longer exposures and higher resolving powers will surely 
cause a reclassification of many individual nebulae, although the 
true spiral once recognized as such will maintain its class with all 
more powerful instruments, and irregular and globular types are 
not usually subject to change. Only a very low percentage of 
nebulae, and these the smaller ones, which appear globular with 
24-inch apertures, resolve themselves into spirals or reveal ansae 
with a 10o-inch aperture. 

Globular nebulae have already been mentioned. The few 
known irregular nebulae are chaotic forms with non-stellar nuclei 
and coarse granular texture, and with spectra and radial velocities 
similar to those of the spirals. Examples are N.G.C. 2366, 4214, 
and 4449. They are easily distinguished from diffuse nebulae by 
their non-stellar nuclei and their texture, although analogies have 
sometimes been drawn between these irregular nebulae and the 
Magellanic clouds. 

The gap between spirals and globular types is filled with the 
elongated nebulae. There are two distinct varieties of these, the 
one probably spirals on edge and the other akin to globular nebulae. 
They may be termed, respectively, spindles and ovate. The 
former, with sharp nuclei and tapering ansae, are familiar to all 
observers. The latter deserve some further comment. Examples 
of the ovate type are M 32 and Msg. ‘They are similar to the 
globular nebulae in all save their elongated forms. Both are to 
be described as large and bright, yet even the 10o-inch under the 
finest observing conditions with both long and short exposures 
reveals no trace or suggestion of spirality in either nebula. What- 
ever their past or future, their present state is not that of true spirals 
within the limits set by our observational data. 


222 


DIFFUSE GALACTIC NEBULAE 7 


Spindles and ovate types merge into one another with decreasing 
linear size of the images on the plates, and the resulting confusion 
detracts from the value of the distinction for small objects or small- 
scale photographs. As a matter of fact each system of classifica- 
tion that can be devised for non-galactic nebulae will favor a certain 
range of resolving powers. The present one favors the largest 
reflectors. It is a compromise between Curtis’ generalization and 
Wollf’s specialization.' 

Some light on the validity of this classification, and a scale for 
standardizing results from instruments of various dimensions, for 
statistical purposes at least, can be derived from photographs of 
rich fields of nebulae made with telescopes of different apertures 
and equivalent focal ratios, and with one telescope and differing 
exposure times. Classification of the nebulae for each exposure 
will indicate the percentage of objects of each type which are 
changed from one type to another with increasing exposure and 
resolving power. Preliminary investigations along this line have 
already been made, apertures from 10 to 1oo inches being used. 

The classification proposed for general use, together with 
typical objects for each class, is as follows: 


Examples 
I. Galactic nebulae 
t. Planetary N.G.C. 7662 
2. Diffuse 
a) Luminous N.G.C. 1976 
b) Dark Barnard 86 
II. Non-galactic nebulae 
1. Spiral M ror (N.G.C. 5457, 8) 
2. Elongated 
a) Spindle HV 24 (N.G.C. 4565) 
b) Ovate M so (N.G.C. 4621) 
3. Globular M 87 (N.G.C. 4486) 
4. Irregular N.G.C. 2366 


DISTRIBUTION OF GALACTIC NEBULAE 
The distribution, spectra, and radial velocities of planetaries 


are now well known, due largely to the investigations carried 
out at the Lick Observatory. Large planetaries are distributed 


t Wolf’s classification of non-galactic nebulae is to be found in Publicationen des 
Astrophysicalischen Instituts Kénigstuhl-Heidelberg, Band III, No. 5, 1909. 
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more or less uniformly over the sky, while the small ones concentrate 
sharply along the Milky Way and are especially numerous between 
eighteen and twenty hours of right ascension. It is reasonable to 
suppose that the apparent diameters and nuclear magnitudes are 
rough indications of distance and that, when real distributions 
are determined, the vertical deviations from the galactic plane 
will prove to be relatively small. Radial velocities of ninety-six 
planetaries corrected for the solar motion average 30 km or about 
five times the average for B stars. Their spectra are almost 
purely emission, the continuous spectrum being entirely neg- 
ligible except for the region on the more refrangible side of the 
head of the hydrogen series. The ratio of intensities between 
the N,, N., and H@ images is 10:3:1, with few exceptions. 

Much less is known concerning the diffuse galactic nebulae. 
Their distribution in the sky is certainly not a simple concentration 
along the galactic plane. Figure 1 represents the distribution in 
galactic co-ordinates of all objects of this class, excepting those 
between galactic longitudes 200° and 300° which are too far south 
to be observed from Mount Wilson. Two distinct belts are defined 
—the Milky Way, and a belt inclined at about 20° to the Milky 
Way. This latter belt has approximately the same nodal points 
as those of the bright helium stars, although the inclination is 
considerably greater than that usually given for the stars. The 
data are not sufficient to determine a value for the dip. 

Such a distribution emphasizes the relation between diffuse 
nebulosity and early type stars. The high inclination of the 
nebular belt suggests that these objects are comparable in distance 
with the brightest of the B stars and for the most part lie on the 
inner side of the ring. There is some evidence that the diffuse 
nebulae are concentrated in the local cluster and in the Milky Way 
clouds, and that vast regions between the two are practically devoid 
of nebulae. If this were not the case, we should expect to find the 
gaps between the two belts more generally filled, and also a greater 
dispersion among the galactic nebulae. Perhaps the strongest 
point in favor of such a distribution is the absence of nebulae 
with large positive galactic latitudes between longitudes 80° and 


200°. In all these 120 degrees of longitude only one diffuse nebula 
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has a latitude greater than +2°. This object is B.D. +23°1301 
at +3°5, announced by Barnard asa nebulous star. The spectrum 
is Bo, photo-visual magnitude 7.0, and hence it is probably rela- 
tively near. The greatest deviation from either plane is in the 
isolated group of dark and luminous nebulosity in Corona Australis, 
which includes the variable nebula, N.G.C. 6729. The distance 
of the group is of the order of one hundred parsecs,' so that it lies 
well within the local cluster, and its anomalous position in the sky 
must be due to perspective. The vertical distance from the 
galactic plane is about thirty parsecs. 


Galactic Longitude 


320 280 240° 200° 160 


120° 80° 40 ° 


Fic. 1.—Distribution of diffuse nebulae in galactic co-ordinates 


There is a decided tendency for diffuse nebulae to cluster. 
This is more pronounced among nebulae with predominantly 
continuous spectra than among those with emission spectra, 
and usually is accompanied by extensive dark nebulosity. Dark 
nebulae tend to follow the double distribution, although the scatter- 
ing is greater and the gaps between the two belts are more generally 
filled than is the case with the luminous diffuse nebulae. 


SPECTRA OF DIFFUSE NEBULOSITIES 


Published results list emission spectra for thirteen diffuse 
nebulae as against continuous or absorption spectra for eight.? 


t A distance of three hundred light-years is derived from the luminosity law applied 
to nebulous stars in the obscured areas, and from movements of luminosity in the 
nebula N.G.C. 6729 on the assumption that such movements have the velocity of 
light. 

2 This leaves out of consideration the nebulae in the Magellanic clouds. 
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This has somehow led to a presumption that an emission spectrum 
is a general characteristic of diffuse galactic nebulae. 

Slit spectrograms of such faint objects will accumulate so 
slowly that it seems worth while to publish now some results from 
a preliminary survey with slitless spectrographs. Such instru- 
ments readily distinguish spectra which are predominantly emission 
from those predominantly continuous, although faint emission 
images on a strong continuous background cannot always be 
detected. Absorption lines are usually concealed in slitless spectra 
and the term “‘absorption spectrum”’ can be applied in general only 
to slit spectra. Several such spectra have been reported by Slipher 
and Pease, so that pure absorption spectra of diffuse nebulosities 
are as well established in fact as pure emission spectra. Indeed, 
they may be considered as better established, for it is more prob- 
able that all bright-line nebular spectra have some faint continuous 
background than that faint bright lines have been overlooked in 
absorption spectra of nebulae. The term “emission”’ will be used 
in discussing slitless spectra as an equivalent to “bright line”’ 
in slit spectra; the term “continuous,” where neither bright nor 
dark lines can be seen; the term ‘‘absorption,”’ where dark lines 
can actually be detected in either slit or slitless spectra. An un- 
broken series can readily be arranged from the slitless spectrograms, 
running from emission with no perceptible continuous spectrum 
to continuous with no emission. There is probably an uncertain 
number of objects listed as “continuous” in which faint emission 
images are present and not recognized, but in every case of previ- 
ously known emission on a continuous background, the slitless 
spectra show unmistakable irregularities in distribution of density. 
In view of the uncertainty, however, the method adopted is to 
list the nebulae as giving predominantly continuous or predomi- 
nantly emission spectra, and to call attention in notes to combina- 
tions of characteristics. 

The various instruments employed in the survey are listed 
below and each is designated by a letter, by which it will be 
referred to in the course of this paper. It will be noticed that 
the range in the relation of scale to dispersion is sufficiently wide 
to accommodate itself to nebulae of all sizes. Seed 30 plates were 
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used throughout, with exposures ranging from two to nineteen 
hours. 


A. Focal-plane spectrograph with slit removed, attached to 60-inch reflector, 
primary focus. Collimator and camera lenses about 6-inch focus. Dis- 
persion, HB to He=s5.0 mm. 

. 15° objective prism on t1o-inch Cooke astrographic lens, focus 45 inches. 
HB to He=5.3 mm. 

. 6° objective prism on ro-inch Cooke lens. H8 to He=1.8 mm. 

. 39° objective prism on 4-inch lens, 7-inch focus, H8 to He=4.1 mm. 

. 25° objective prism on 4-inch lens, 7-inch focus, H8 to He=2.5 mm. 

. 25° objective prism on kinematograph lens F/1.8, 3-inch focus. Hf to 
He=1.0 mm. . 


td 


aHaon 


Results from the survey are collected in two tables, one com- 
prising nebulae which give predominantly continuous, and the 
other, those which give predominantly emission spectra. Nebulae 
whose spectra were previously known are included for the sake 
of completeness and are starred to indicate this fact. One nebula 
has thus been included which is too far south to be observed from 
Mount Wilson—N.G.C. 3372, the nebulosity around 7 Carinae. 
The two lists should contain all diffuse galactic nebulae for which 
spectrographic data are available, excepting those in the Magellanic 
clouds. The tables give in the first column a list number; in the 
second, the catalogue designation of the nebula; the third and 
fourth columns give galactic longitudes and latitudes; the fifth 
column, a rough indication of size on a scale of 1 to 5, the numbers 
increasing with the size; the sixth column, the instruments em- 
ployed; the seventh, remarks and references. 

Table I contains thirty-three objects having continuous spectra, 
eight of which were previously known as such. Of the latter, 
four give pure absorption spectra—the Pleiades, M 78, p Ophiuchi, 
and N.G.C. 7023.1 N.G.C. 1977 and the two variable nebulae, 
N.G.C. 2261 and 6729, give faint bright-line images as well, and 
one, N.G.C. 2245, is known only through an objective prism 
spectrogram. 

t Slipher reports that in the spectrum of N.G.C. 7023, ‘“‘Bright Hf seems to be 
present but not so obviously emissive as in the star” (Publications of the Astronomical 


Society of the Pacific, 30, 63, 1918). The involved star has bright reversed hydrogen 
lines. H does not show on a spectrogram of the nebula made by Pease. 
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TABLE I 


DirrusE NEBULAE WITH CONTINUOUS SPECTRA 
——————  ———————————  oOoau—“—V—T!OCOOOSONOO TSS = ee 


GALACTIC 
No. Osjecr __| Size ne REMARKS 
Longi- | Lati- 
tude tude 
Wraterere G.Cuy 126° |—21°o 2 (e ; 
a race NGS si 128 |—17.5 2 | A,B,C, | Also listed as I.C. 1985. B.D. +31°643, 
S pais Lowell Bull., N 
i 7 I —22.0 (S ee Slipher, Lowell Bull., No. 55, 1912 
Reels se te hc ar —15.5 ; Bac eee nebula, a=4h14m™; 6=-++28°a’ 
1920 
Gon aran louse ws /s octcrenet 141 |—17.0 I B,¢ Uncatalogued nebula, a=4b22™1; = 
+24°32’ (1920) 
Gane N.G.C. 1579 132 |— 9.0 2 Cc 
i] LC: a I4l |—14.0 I we res 
aa Gs, 171 |—2 2 7 Bye; ; . § 
: “ ce aa8 she a0 5 B,D, E | Great nebulosity north preceding Rigel 
10... N.G.C. 1977* 175 |—19.0] 3 Buc Dark helium and bright hydrogen. See 
Slipher, A.S.P., 31, 22, 1919 
Tl.cesc 2023 173. |—16.5 I A, B, C | Nebulosity around B.D. —2°1345 
T2scieic's 2068* 173. |—14.0 2 B, D, E | See Slipher, A.P.S. 31, 212, 1919 
EB ecteeiai|'s sisssisiesereletarerees 172, |—13.0] 5§ B,D, E | a=5'45™5; 5=+1° (1920). Brightest por- 
tion of great ‘spiral’? in Orion 
I . 218, 181 |—1I.0 I A,B 
a aiate «hil ara stewart a 158 |— 0.5 I AB a=653™1; §=+18°42’ (1920). Comet neb- 
ula uncatalogued 
16 L.C. 446 168 |+ 0.5 I Bue Also listed as I.C. 2167 
17 447 168 0.0 2 BAC Also listed as I.C. 2169 
18 N.G.C. 2245* 169 |+ 0.5 I B,¢ See Ap.J., 44, 196, 191 
19 2247 169 |— 1.0 I B : 40h P 
20. 2261* wy |+ 1.5 I A,B,C | Faint emission on strong continuous spec- 
trum. See Lowell Bull., No. 81 
Devs sielisetiieealec eects I93 |— 1.5 I Bic Uncatalogued nebula about B.D. —12°1771 
D2k eiarecalalsteacolnloeteratrels 312 |+17.0| 3 B,F Nebulosity about x Scorpii 
23 I.C. 4502 322 |+23.0] 5 B,C, F | Nebulosity about » Scorpii 
24 4601 323 |+e2rt.0] 2 B, Nee about B.D. —19°4359 and B.D. 
—19°4361 
25 4603 319 |+17.0] 4 B,C, F | Nebulosity about B.D. —24°12684 
26 4604* | 320 |+18.0] 4 B, C, F | Nebulosity about p Ophiuchi. See Lowell 
Bull., No. 75, 1916 
OM carvers 4605 320 |+16.0 2 B, C, F | Nebulosity about 22 Scorpii 
28.ce || N-G.C.6720, 7) 327 1 —1755 2 Be Nebulosity about B.D. —37°13023 and B.D. 
—37°13024 
29.....| N.G.C. 6720* 327 |—17.5 I B,C Faint emission on strong continuous spec- 
trum. See Lowell Bull., No. 81 
BO ties 6014 52 |— 4.5 I B,C 
Chicana 7023* 72 |+14.0 I Bac Slipher, A.S.P., 30, 63, 1918; Pease, 
A.S.P., 27, 240, 1915 
G2 7120 73 |+ 9.0 I A, B,C 
33 L.C. 5146 62 |— 6.5 2 Cc 
NOTES 


4. Photograph by Barnard, Astrophysical Journal, 25, 219, 1907. This may be I.C. 359 whose 
position is given as 5™ preceding and 30’ south. No nebulosity is seen in that position. 

5. In one of the dark lanes in Taurus. 

7. Inone of the dark lanes in Taurus. See Barnard, Astrophysical Journal, 25, 218, 1906. 

9. Faint extensions of this nebula stretch south and west to end in a faint obscuring cloud more 
than 35° from the galactic plane, 

11. Wolf, Astronomische Nachrichten, 180, 152, 1909, describes this as gaseous emission, but his 
observations undoubtedly apply to I.C. 434. See note on the latter nebula following Table II. 

13. This is the brightest portion of the great loop encircling the belt and sword of Orion. 

15. A bright uncatalogued nebula similar to N.G.C. 2245. A thirteenth-magnitude star is at the 
apex of the cometary form. It is surprising to find that so bright an object has been overlooked 
by observers. 

a1. Attention was called to this uncatalogued object in Union Observatory Circular, No. 7, IQII. 

22. See Barnard’s photograph in Astrophysical Journal, 23, 144, 1906. 
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These nebulae show a decided tendency toward clustering, 
and can be divided as follows: 


Number 
SRAUTUSHSTOUP va twain casoe nn eromecerne es I- 7 
TION ee oe sonore ce eae 8-14 
MOTO CEOS fe asics Se ee nee 15-21 
NGOLPIUSRteticn ne wh Se ee eT 22-27 
CoronarAustralise.4 occa eee 28-29 
CU PRUS So Seirsee ores coe 30-33 


Their distribution in the sky, although affected by this grouping, 
is clearly not a simple concentration along the galactic plane. 


Galactic Longitude 


300° 250° 200 150° 100° 50 ° 


Fic, 2.—Distribution of diffuse nebulae 


a. Nebulae with emission spectra 
b. Nebulae with continuous spectra 


In Figure 2 they are plotted in galactic co-ordinates, and it is at 
once evident that most of them favor the tilted plane of bright 
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helium stars. The Monoceros group and the isolated pair in 
Corona Australis are the only exceptions. The latter, as has 
been mentioned, is relatively near; in fact, it is among our very 
nearest nebulous neighbors, and therefore can be properly assigned 
to the local cluster. The Monoceros group, on the other hand, 
may be truly galactic as judged by its position, the small size of 
its components, and the faintness of the stars involved. 

Table II contains twenty-nine nebulae with emission spectra, 
thirteen of which were previously recognized as such. These 
objects show a greater preference for the galactic plane and less 
of a tendency to congregate into groups. They all lie close to the 
Milky Way, except the Cygnus nebula (N.G.C. 6960, 6992), N.G.C. 
1499, 5128, and the Orion group. The largest objects in the 
galactic plane, however, fall at the nodal points of the belt of 
helium stars and might, from their position alone, be placed in 
either plane with equal reason. Starting from an assumption 
of double distribution, it is quite possible to divide the emission 
nebulae, assigning all five of the largest sizes, five out of thirteen 
of the graded sizes 4 and 3, and three out of eleven of the two 
smallest sizes, to the inclined plane. This distribution of sizes 
fits very well with the known fact that the local cluster of helium 
stars is nearer than the Milky Way clouds, and with the distribu- 
tion in sizes of the “continuous” nebulae. Those assigned to the 
galactic plane have a very small dispersion and a mean galactic 
latitude of —1°6, which is exactly the latitude of the galactic 
circle as determined by Nort.t So close an agreement was of 
course unexpected, and lends some justification to the rather arbi- 
trary division of nebulae between the two planes. 

A study of the relative intensities of the monochromatic images 
in Table II leads to the interesting generalization that hydrogen in 
the extended nebulae as represented by Hf is much stronger com- 
pared to N, and N, than is the case in the planetaries. Wilson 
suggested this from the intensities in two extended nebulae, N.G.C. 
1976 and 3372, and established the fact that emission nebulae in 
the Magellanic clouds occupy a position in this respect between 
the normal planetaries and the extended nebulae. 


* Recherches Astronomiques de V’Observatoire d’Utrecht, 7, 1917. 


230 


DIFFUSE GALACTIC NEBULAE 15 


TABLE II 


DirrusrE NEBULAE WITH EmISssION SPECTRA 


GALACTIC 
INSTRU- REMARKS 
No. OBJECT Eome-| Let Siz ENE 
tude tude 
I N.G.C. 281 go? |— 720 3 Buc One image, N:+N2+H 8. Six hours with C 
much fainter than two hours’ direct expo- 
sure 
2 I.C. 59-63 go |~— 2.5 2 B,C,D | Fan nebulae near y Cass. D shows three 
images, Ni-+N2+H6(), aye) Hé (1) 
3 N.G.C. 1401 118 Ls I (8; Strong single image, N:+N: He 
4 1400 128 |—11.5 5 |B,C,D,E] Spectrum described in ASP. 32, 155; 
1920. N:+N, (2), HB (2), ” 4686 (x), 
Hy (2), Hé (1), He (1) 
5 1624 122 |+ 2.0 I iC One image, N:-+-Na-+HB 
6 LC. 405 139 |— 3.0] 3 G Two images, Nit+N.z+H8 (2), Hy (rz). 
Faint continuous spectrum 
7 N.G.C. r952* | r5r |— 5.5 2 G Four images, N:+-N2+H6 (s), Hy (a2), 
Hd (0), 3727 (rz). are continuous 
spectrum. See L.O.B., 
8 LC. 423 172. |—17.5 t B Bie eee nh (2), ite (2), 4686 (x), 
4363 (1), 
9. N.G.C. 1976* 176 |—10.5 5 |B,C,D,E| Orion nebula. See L.0.B., 13, and A.S.P., 
I, 212, 1919 
Io 1982* 176 |—19.0] 2 |B,C,D,E One nebula. See EO:By, 135 and AuS.P, 
31, 212, 1919 
yee L.C. 434* 174. |-17.0] 5 B Bay nebula south of ¢ Orionis. See Wolf, 
.V., 180, 152. Five images, HB (5); 
4686 (2), Hy (4), Hé (x), 3727 (2) 
T2.....| N.G.C. 2024 174 |—16.0] 3 B,D N; (2), He (3), 4686 (2), Hy (3), Hé (2), 
B72" (2), art Bae ie spectrum 
13 2175 157 0.01053 B.C N: (1) H@ (3), Hy (3) 
14. 2237 173. |— 2.0 4 B,C,D | N:+N:; (2), He (2), Hy (1) 
Ree bcen uilnvestnisietitecn oes 198 |— 4.0 2 (e One image, N:+N, 
16 23590 194 |+ 0.5 2 B,C One image, N:+Nz. Gaseous nature pre- 
dicted from direct photographs by Pease, 
Mt. Ahead Contr., No. 132 
17 3372* 255 |— 1.0 (feet Bae nencrn See L.O..B, 
18 5128 277. |+20.0 3 (e HB (2) 4686 Oy Hy (2), Hé (1) 
19 6302* 316 |— 1.0 Tt B 
20 6357 320 |+ 1.0 2 (e One image, N:-+N, 
21 6514* 334 |— 0.5 3 BEC Trifid. See L.0.B., 13, Nr+Na2 (1), HB (3), 
Hy (2), Hé Q), 3727 (2) 
22 6523* | 333 |— 0.5 4 Bec M8. See L.O.B.,13. Nr (2), N2\1), HB (4), 
4363 (1), Hy (3), Hé (x), He (x), H¢ (1), 
3727 (2). Local variation to intensities 
23 6611 343 |+ 0.5 3 B M16. N:+N;, (1), HB o a (2). See 
Mt. Wilson Contr., No. 17 
24 6618* 341 |— 1.0 3 B M17. See L.O.B., 13, Ni uy N, ), H6 (3), 
joe (0), 4361 (x), Hy (3). Local varia- 
25 6888 AS hate te eee B,C HB or Hy (1), Hé (1), 3727 (2) 
26 6960* 40 |— 8.5 4 B See Wolf, A.N., 178, 379; ibid., 180, 152 
27 6992* 42 |—10.0 4 B See Wolf, ibid., 178, 152. Nos. 26 and 27, 
are really portions of one nebula—an 
enormous loop in Cygnus 
Servis 7000* 53 |— 1.0 5 Bae Wolf, Sitz. Heid. Akad. Wiss., 27, 1, 1910 
2G rer 7035 79 |—1.0| 3 | A,B,C | H@ (5), Hy (2), He (x), 3727 (4) 
NOTES 


Campbell and Moore were unable to see bright lines in N.G.C. 2024, 6992, and 7ooo. N.G.C. 6523, 
6618, and 7635 each has at least one image of wave-length shorter than 3727. 
7. The continuous spectrum in N.G.C. 1952 is so strong that the nebula might equally well be 


included in Table I. 


rr. 1.C. 434. This is the remarkable Bay nebula stretching south from ¢ Orionis, whose sharp edge 
on the following side is indented by a dark cloud billowing out from the obscured region bordering on the 
bright nebula. My plates give an emission spectrum which agrees with that described by Wolf in Astro- 
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nomische Nachrichten, 180, 152, 1908, and ascribed by him to N.G.C. 2023. N.G.C. 2023, however, is a 
typical nebulous star, B.D. —2°1345, in the obscured region following I.C. 434. The nebulosity around 
it has a strong continuous or rather an absorption spectrum with no trace of emission. Furthermore, 
Wolf’s remarks “sudlich von ¢ Orionis—umittelbar nordlich von die grossen Bucht .. . .’’ clearly 
apply to I.C. 434. In view of these facts, I assume the nebula whose spectrum Wolf describes in Asiro- 
nomische Nachrichten, 180, 152, is really I.C. 434 and so list that nebula as one whose spectrum was previ- 
ously known. N.G.C. 2023 is listed among those giving continuous spectra which were not previously 
known. 

13. Continuous spectrum fairly strong. Emission spectrum checked by a slit spectrogram. 

1s. This is an uncatalogued nebula described by Knox Shaw in Helwan Bulletin, No. 15. Dis- 
covery announced in Union Observatory Circular, No. 7, 1911. 

28. N.G.C. 7635, formerly known as a nebulous star, appears to be a large planetary immersed in 
diffuse nebulosity. The brightest portions of the non-planetary nebulosity give the emission spectrum 
described. 


The normal ratio N,, N., and Hf in the planetaries is 10:3:1. 
From the observations of Campbell and Moore and of Wilson, 
data can be gathered for extended nebulae as follows:? 


Nz Nz He 

INRG: C107 Oss Se aenerecee 10 3 5 
BOT OU orale a sta geet aie) 3 5 

OS TAs Sole i eee ere & it Io 

O68 23: cin seen 3 I Io 

OOTS 3 sare mires ares 10 3 5 


Table II furnishes data of inferior accuracy, but strongly support- 
ing those listed above. 


N:+N, 


et) 
D 


a 


4 
QOH 
epigne: 
aN 
S 
& 


on 

eS 

bd 

(ee) 
O10) £0" OTTO! Nese Oe 
AY NH NYNWNHHWWUNHDND 


N.G.C. 1977 and 1982 are connected with N.G.C. 1976, the 
Orion nebula, and these, together with the outer region of the 
Orion nebula itself, show a decided weakening of the N,; and N, 


* Publications of the Lick Observatory, 13. 
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lines, as compared to the 10:3: 5 relation for the trapezium region. 
A spectrogram made at Mount Wilson with the slit east-west, just 
south of the B8 star B.D, —5°1305, 12’ south and preceding the 
trapezium, shows H@ ten times as strong as N, and apparently 
just stronger than \ 3727.! It is interesting to note that the nebu- 
losity condensing about the star shows a pronounced strengthening 
of the continuous spectrum without affecting the emission lines. 

N.G.C. 281, 1491, 1624, 2359, 6357, and I.C. 59, 63, and 405 
show such faint overlapping images that they cannot be separated 
into components for the estimation of relative intensities. 

In no case, excepting N.G.C. 1952, is H@ less than half the 
intensity of N,;. In this exceptional case, as studied from a slit 
spectrogram by Sanford, the local variations and overlap of double 
lines interfere with estimation of relative intensities and the only 
statement which can be made is that HG and N, are of about the 
same order of intensity. 

The significance of this generalization is not clear as yet. Of 
the six giant planetaries? only one, N.G.C. 7635, shows the stronger 
H£, and the same ratio holds for small planetaries out of the 
Magellanic clouds discussed by Campbell and Moore. The most 
striking examples of these latter, N.G.C. 40, I.C. 418, N.G.C. 4361, 
and B.D. +30°3639, are in no way exceptional in appearance 
or in their nuclear spectra. The nuclei, however, are unusually 
bright as compared with the general average. 

Among the non-galactic nebulae showing emission lines, two 
described by Campbell, N.G.C. 1068 and 4151, seem to have the 
normal planetary ratio, 10:3:1 for N:, N., and H@, while three 
others described by Pease and by Slipher, M 33, N.G.C. 4214 
and 4449 show the relatively stronger H. 

Tables I and II more than double the number of known emission 
spectra, and quadruple that of known continuous spectra. The 
latter now outnumber the former for separately catalogued objects; 
but in view of the greater tendency to group among the nebulae 
with continuous spectra, it is preferable to regard the numbers as 


t “ Apparently” in that an ordinary lens and a Seed 30 plate were used. Quartz 
or U.-V. glass and Seed 23 plates would show A 3727 as much stronger than Hf. 

2The term “giant planetary” is used to describe those with diameter greater 
than 2’. There are six such planetaries. 


233 


18 EDWIN HUBBLE 


about equal. As emission nebulae are much more easily identified 
for a given surface-brightness because of the discontinuous dis- 
tribution of light in their spectra, it seems a reasonable extrapolation 
to assume that continuous spectra are actually more numerous 
than emission among the diffuse galactic nebulae. 

A study of direct photographs fails to give any necessary and 
sufficient criteria certain for predicting by inspection the nature 
of the spectrum of a given diffuse nebula. There are several gen- 
eral indications, but each has its exceptions. Filamentary and 
wispy nebulosity usually has an emission spectrum, as, for ex- 
ample, N.G.C. 1499, 1952, 1976, 2359, 6960, and 6992. This is 
not a necessary condition and is approximately satisfied in the 
“continuous” nebulosity about the Pleiades and 22 Scorpii; moreover 
N.G.C. 1952, the Crab nebula, has so strong a continuous back- 
ground for its bright-line images that its spectrum could be classed 
as continuous almost as reasonably as emission. On the other 
hand, a smooth, cloudy structure is usually confined to “continu- 
ous” nebulosity, as in that about v Scorpii and p Ophiuchi, but this 
again is approximated in the emission nebulae N.G.C. 2024 and 
the Trifid. 

Nebulae with “continuous” spectra are usually associated with 
greater obscuration than are emission nebulae, although striking 
exceptions are found in Orion and N.G.C. 7ooo. It is of course a 
natural supposition that such vast bodies must be at least partly 
opaque, and that the “continuous” would be more so than the 
emission nebulae. Observation shows this to be the case. Obscu- 
ration is in fact a universal characteristic of diffuse galactic nebulae 
wherever the angular areas are large enough to warrant conclusions. 
The best direct evidence that I have found for transparency in 
any degree is presented by the helical nebula in Aquarius, N.G.C. 
7293, the largest recognized planetary. Photographs made with 
the 100-inch reflector show three or four small non-galactic nebulae, 
including one spindle, within the luminous area of the planetary. 
The great size and galactic latitude of N.G.C. 7293 render it 
highly probable that the planetary is relatively near, at least 
nearer than the small nebulae, which, therefore, must be considered 
as shining through the planetary. 
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The brightest nebulae have emission spectra; the largest, con- 
tinuous spectra. In general, however, the two classes mix pretty 
thoroughly when arranged,in order either of size or of brightness. 
“Continuous” nebulae show a greater tendency to condense around 
stars, although most of the galactic nebulae have stars involved, 
and perhaps all have stars associated with them. 


SPECTRAL TYPES OF STARS INVOLVED IN DIFFUSE 
NEBULOSITY 


A study of the spectral types of such stars shows that those 
involved in “‘continuous’’ nebulae are of later types than those 
involved in emission nebulae. This conclusion is based on examina- 
tion of slit spectrograms made with Cassegrain spectrographs on the 
60-inch and 1oo-inch reflectors. One prism and an 18-inch camera 
were generally used, although for some of the faintest stars a 
7-inch camera was necessary. Table III gives the types of stars 
involved in 29 of the “‘continuous”’ nebulae, which are designated 
by the list numbers of Table I. 

Three cases are exceptional—the faint K8 star in No. 4, around 
which the nebulosity condenses so strongly and symmetrically that 
the star must be regarded as involved, and the nuclei of the two 
variable nebulae N.G.C. 2261 and 6729. V.M. Slipher reports the 
nuclear spectrum of N.G.C. 2261 as consisting of bright and dark 
lines agreeing closely with Nova Aurigae in its later stages. He 
suspected that the nucleus of N.G.C. 6729, R Coronae Australis, 
was similar, but three spectrograms made with the roo-inch reflec- 
tor (7-inch camera) show a peculiar G-type spectrum with bright 
reversed hydrogen and enhanced iron lines. When these three cases 
are disregarded, the mean type of the other stars is about B4. 
None is earlier than Br. 

There is a decided tendency toward uniformity of stellar 
type within the various groups. The Taurus group contains 
nothing earlier than B5. The Orion group is Bz and B3, with 
one exceptional Bx star in N.G.C. 1977, a nebula giving bright 
lines as well as a strong continuous spectrum. The stars in the 
Monoceros nebulae are Bx and Bz2, and those of the Scorpius group 
are Bz and B3 as in Orion, excepting the isolated case of I.C. 4601, 
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TABLE III 


Stars INVOLVED IN NEBULAE WITH CONTINUOUS SPECTRA 
———————————— OO 


No. Nebula Pr, Uae here 
De grercoress N.G.C. 1333 10.6 B8 
De cee eis LCa345 8.4 B6 B.D. +31°643 
9.8-11.6 | B8—Az | 9 stars 
BR eat ev Pleiades |" etianterette Bs Maia and Merope 
AS oe crotnts | Sheres era ie ekapett 12.5 K8 Probably a dwarf 
Oren eros N.G.C. 1579 12.0-12.2 | Ao-Bs | 2 stars 
Saris aeartiats 1788 10.0-13.0 | B8-B8 | 2 stars 
LO sees wnat 1977 4.6 Br Boss 1364 
DL ery eee: 2023 7.8 Ba B.D. —2°1345 
LOM ta inet 2068 10.4-10.8 | Bs-B8 | B.D. +0°1177 
TAty ict eess . 2183 14.0 B3 
DSL, cops topelsl| Crone ee ciaceemeten mete 11) ofS Br 
de ane oe ere EGyeA46 Tees Br 
D7 oa oe 447 8.1 Br B.D. +10°1159 
TOM Meas N.G.C. 2245 10.7 Br Bright H@ suspected 
T Oistrersh ests as 2247 8.8 Bap Bright Hg and Hy 
DOe eee ees 2261 Var. EC Approximates a nova spectrum 
CERO Panel Eee Encode nee 8.2 Br B.D. —12°1771 
PE Sets Bmerin nists GALot Boil Ba a Scorpii 
DY Hoe ease er I.C. 5592 4.2 Ba v Scorpii 
OW Meese On feitaeee 4601 7.1-8.4 | B8-Ao | 4 stars 
DAS Acer aia ae 4603 Gees) Be B.D. —24°12684 
BOL ee ann 4604 5.2-5.9 | B2-B3 | 2 components of p Ophiuchi 
QT notes erie 4605 4.9 B3 22 Scorpii 
2 Siem oitecetvets N.G.C. 6726, 7] 7.2-9.4 | Bo-Bo | 2 stars 
BO a rintoneck: 6720 Var. p R Coronae Australis. Resem- 
bles T Tauri 
3 One nae ee 6914 9.3-9.9 | Bs-Bs | B.D. +41°3731 and B.D. 
+41°3737 
QU r teensereen 7023 7.2 Bap Bright H6 and Hy 
22 ea No wae 7120 10.2-12.4 | B3—-B8 | 3 stars 
Boe are T.Cx5 146 10.0 Br B.D. +46°3474 
NOTES 


4. Nebulous star north following Barnard’s nebula. 

15. Nucleus of cometary nebula resembling N.G.C. 2245. It is not catalogued. 

17. There is a group of six stars in this nebula, some of which are certainly not 
involved. = 

24. Boss 4150, visual mag. 6.2, Gs giant, is involved in nebulosity connected 
with No. 24. 

28. B.D. —37°13017 and 13018, visual mag. 6.5 and 6.7, Bs and B6, are 
involved in connecting nebulosity. 

29. R Coronae Australis has bright unsymmetrically reversed hydrogen and 
enhanced iron lines on an absorption spectrum that is approximately a G-type but 
which has contradictory characteristics. The spectrum resembles that of T Tauri 
except that it has no bright H and K. 
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in which are involved four stars, B8 to Ao. The Corona Australis 
group really comprises two double stars in addition to R. ‘ The 
types are Bs, B6, B8, and Bo, R itself being, as mentioned above, a 
peculiar later type. 

The Monoceros group comprises all the “continuous” nebulae 
which can be assigned to the galactic plane with any degree of 
certainty. This distinction is emphasized by the fact that they 
contain, as a group, the earliest types of involved stars. The only 
other Br star (excepting the transitional case of N.G.C. 1977 
mentioned above) is central in I.C. 5146, the Cave nebula in 
Cygnus. This object is so near a nodal point of the inclined 
plane that it can be placed in either belt with equal justification. 
These facts raise a question as to whether or not there may be a 
real difference in type between stars involved in nebulae belonging 
to the galactic plane as compared with those belonging to the local 
cluster. The various groups differ so much among themselves, 
however, that no great weight can be assigned to results from one 
of their number. Moreover, there seem to be some later-type 
stars in the cluster around S Monocerotis and possibly in I.C. 447. 

The K8 star in No. 4 is not unique. Heretofore it has been 
thought that all stars involved in nebulosity are B-type or earlier. 
The following list, which does not include several known cases of 
A stars, some of which are of the a Cygni type, shows that this 
is not rigorously true. 


1. B.D. +31°597 K2 giant 

2. B.D. +28°645 F8+ 

3. T Tauri G peculiar with bright lines 
4. No. 4 K8 dwarf 

5. Boss 4150 Gs giant 

6. R Corona Australis G peculiar with bright lines 


These six objects have all been photographed directly with the 
roo-inch reflector and, in each case, the nebulosity condenses about 
the star so obviously that there can be little doubt that the stars 
are really involved. Some may be cases of stars and nebulosity 
meeting in the course of the peculiar motions through space, but 
others, notably T Tauri and R Coronae Australis, must surely be 
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inherently associated with the nebulosity surrounding them. 
None of them, however, shows any indications of nebulosity 
condensing into stars. 

Absorption spectra of diffuse nebulae are reported by Slipher 
and by Pease as agreeing with the spectra of the brightest involved 
stars, as well as could be determined with the small dispersions 
employed. In this connection it is of interest to mention the 
following nebulae with predominantly continuous or absorption 
spectra which have bright-line stars involved. 


Nebula Star 
Pleiadese tence ees Bright Ha in several of the brighter stars 
NGG: Cx224 7c Bright line Brp 
IN-G:. C2 70220 saree Dricntines bop 
IN; Gi G.222 OT res. aera Approximately a Nova spectrum* 
INE Gi@26720 ee eran ieeis G peculiar with bright hydrogen and enhanced 
iron lines 


The spectrum of the Pleiades nebulosity has not yet been 
examined in the Ha region. No slit spectrogram has been obtained 
of N.G.C. 2247, and the objective-prism spectra could easily obliter- 
ate faint emission images. N.G.C. 7023 and 6729 are suspected, 
N.G.C. 2261 is definitely proved by Slipher, to have spectra corre- 
sponding in detail to the spectra of the stars involved. There is 
thus no evidence against, and some in favor of, the assumption that 
nebular spectra that are predominantly ‘‘continuous”’ are the spectra 
of reflected starlight. 

Table IV indicates types of stars involved in nebulae with 
emission spectra. N.G.C. 3372, the 7 Carinae nebulosity, is not 
included because its position is such that no investigation could be 
made here concerning the question as to which stars are involved 
and which are not. 7 Carinae itself is usually accepted as being so 
involved, and if this is true, it is the one example known of a 
peculiar bright-line star in emission nebulosity. The Draper 
Catalogue lists two Wolf-Rayet stars within the limits of N.G.C. 
3372, but there again the question of their being involved, or 
simply aligned, requires special investigation that cannot be 
carried out at Mount Wilson. 

* Lowell Observatory Bulletin, No. 81, 1918. 
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There are two probable cases of Wolf-Rayet stars associated with 
diffuse nebulae having emission spectra. These are N.G.C. 2359 


“TABLE IV 
Stars INVOLVED IN NEBULAE WITH EMISSION SPECTRA 


No. Nebula Pv. Rees of packs 
et NT. (x as J 8.6-10.2 | Oes 4 components of B.D. +55°ro91 
wae \10.3-11.6 | Bo 3 stars 

Cie Eee I4QI 10.6 Bo 

Me ole ee ee 1624 I3.0-14.0 | Oes 3stars. Magnitudes estimated 

Oerkacgs pene T-Co 405 5.8 Bop Boss 1249 

Qe escent NG Gato 70 5-4-7.9 | Oe5s—Bo| 4 components of Trapesium 
TOME e+e « 1982 8 Bip Bond 734. 4686 strong for type 
1S Sa cas eee 2175 as Oes B.D. +20°1284 
10 ly eae eae 2237 7A oon Oes 4 brightest stars of the cluster 
ROMA ue tater 2359 II.O Od Magnitude estimated 
2 Ce 6514 7.8-8.5 | Oe5—Bo]} 2 components of B.D. —23°338 
PE ee ee eee 6523 6.1-6.9 | Oes-Bo| 2 brightest stars in M 8. 

B.D. —23°13814-16 

Bite ee es 6611 8.3-9.2 | Oe5-Bo] 3 brightest stars in M 16. 


NOTE 


21. B.D. —22°4510, pv. magnitude 7.25, A3p (a Cygni type) is central in the 
northern lobe of the trifid nebula, N.G.C. 6514. The excessive color-index of this 
star, +0.80 magnitudes, together with the pronounced general absorption of the 
nebulosity, suggests that the star is actually within the nebula. 


and 6888. Photographs of both nebulae have been published by 
Pease.2 N.G.C. 2359 shows a ring and tangential streak suggesting 
the present form of the nebula surrounding Nova Persei No. 2. 
An eleventh-magnitude Ob star is approximately central in the 
ring and hence presumably associated with the nebula. N.G.C. 
6888 is a segment of an ellipse with the Ob star B.D. +37°3821 
of magnitude 7.1 near the center of the ellipse. The photograph 
suggests a ring of nebulosity of non-uniform brightness, inclined 
to the line of sight. Both nebulae have some resemblance to 
the planetaries or to a transitional type between planetary and 
extended forms. Both the nebular forms and types of stellar 
spectra suggest the possibility that these two nebulae are remnants 
of former outbursts of novae. 

yy Cassiopeiae is probably associated with the emission nebulae 
I.C. 59 and 63. The star is clearly not involved, but the fan- 


t Mt. Wilson Contr., No. 186; Astrophysical Journal, 51, 270, 1920. 
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shaped masses of nebulosity pointing toward that star suggest an 
intimate association. If this is true, y Cassiopeiae is the one 
known case of a bright-line B-star associated with emission nebu- 
losity. The type is called Bo peculiar.t ¢ Orionis can with equal 
justification be considered as associated with N.G.C. 2024. In 
fact, all the belt stars of Orion might be thought of as associated 
with emission nebulosity, for the faint cloud in which they are 
immersed brightens in the portion known as I.C. 434, the bay 
nebula south of ¢ Orionis, sufficiently to permit its spectrum to be 
identified as emission. ‘These stars are of the Bo type. 

Another feature of the table is the marked tendency of Oe5 
stars to form clusters in emission nebulae. Examples are N.G.C. 
281, 1624, 2237, and 6611. Definite data are restricted to the 
brighter members of these clusters, but small dispersion spectro- 
grams suggest that the fainter members are of somewhat later 
types and that the brighter ones alone determine the spectrum of 
the nebulosity. 

N.G.C. 6618 (M 17) has no stars obviously involved, but there 
are indications of a cluster on its southern border. Two of the 
brightest of these are B8 and two fainter ones are Bo. General 
indications from focal-plane slitless spectrograms are that the two 
stars mentioned are the only late B-type stars in the group. A 
reasonable conclusion is that the two B8 stars are merely aligned, 
and that the group of fainter stars, if they are connected with the 
nebula, are of the usual type—Bo. The B8 stars are B.D.—16°4827 
and — 16°4828. 

The main features of Table IV are the close limitation of the 
stars within the types Oe5 and Bo—at least for the brighter stars 
in each nebula—and the relatively rare occurrence of bright lines. 
These are four probable cases of emission*nebulae associated with 
bright-line stars, but in no case do the spectra of star and nebula 
agree. The fact is well established that in the case of emission 
nebulae, the nebular spectrum and the spectra of stars involved 
or associated do not agree. This recalls Wright’s remarks on the 


* B.D. —10°1848 may be another case, but the spectrum of the nebulosity is so 
confused on my plates that the statement cannot be made definitely. The star is 
Bop with bright hydrogen lines. 
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rare agreement between nebular and nuclear spectra among the 
planetaries. 

The progression in stellar type from gaseous to “‘continuous”’ 
nebulae seems to be definitély established. There is no overlap 
save in N.G.C. 1982, which shows marked transitional char- 
acteristics in its spectrum. The sequence is well illustrated in the 
Orion nebulae of which the spectra have been investigated by 
Slipher and by Campbell and Moore. 

N.G.C. 1976 gives a typical nebular emission line and a weak 
continuous spectrum. The trapezium stars are of type Oes and Bo.' 

N.G.C. 1982 gives a transitional spectrum. It is predominantly 
emission, but has a very considerable continuous background which 
intensifies in a marked degree about the involved star Bond 734. 
This is a Br star, with \ 4686 unusually strong for the type. It 
might be called an early Br. 

N.G.C. 1977. The spectrum is predominantly continuous with 
bright hydrogen and dark helium lines. No nebulium can be seen. 
The involved star, Boss 1364, is of type Br. 

N.G.C. 2023. The spectrum is continuous with dark hydrogen 
and helium lines, and that of the involved star, B.D. — 2°1345, is B2. 

N.G.C. 2068 (M 78). The spectrum is continuous with dark 
hydrogen and helium lines and was classed by Slipher as probably 
late B. The stars involved are classed as B3 and Bs, but subject 
to a rather large uncertainty. My own plates tend to place the 
nebular spectrum as not later than Bs. 

N.G.C. 2237 in Monoceros might be placed at the head of this 
sequence as it gives a pure emission spectrum with no continuous 
background perceptible. The four brightest stars involved which 
have been investigated all show fine Oe5 spectra. 


SPECTRA OF PLANETARY NUCLEI 


The progression is so pronounced that it seemed advisable to 
investigate the possibility of extending it into the other type of 
galactic nebulae, the planetaries. Wright has shown that some 

t It has been previously mentioned that “continuous” nebulosity condenses strongly 


about the B8 star B.D. —5°1305 in the outer region of N.G.C. 1976, while the emission 
lines of the nebula are not affected by the star. 
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planetary nuclei have bright lines or bands, and that others do 
not. Where emission does occur it is probably of the Wolf-Rayet 
type. He has not published results for any of the nuclei of giant 
planetaries, and, as these seem to have the closest affinity to ex- 
tended nebulae, their spectra have been observed at Mount Wilson. 

As an arbitrary division, those planetaries whose mean diameter 
exceeds two minutes of arc are called giants. There are six such, 
all within reach in this latitude. 


NG: C29 246 N.G.C. 6853 (Dumbbell) 
1514 7293 (Helix) 
3587 (Owl) 7635 


Two of them have central stars bright enough for the Cassegrain 
spectrograph with one prism and an 18-inch camera on the 1oo-inch 
reflector. These are N.G.C. 1514 and 7635, whose central stars 
are, respectively, B.D. +30°623, 9.4 photo-visual magnitude, and 
B.D. +60°2522, 8.7 photo-visual magnitude. Their spectra are 
similar and of a type not covered by the Harvard classification. . 
They show no bright lines or bands. The following dark lines are 
present: 

Hg H6 4200% 4686 faint and hazy 

Hy 4542! 40267 4471 just perceptible 

To these may be added 4481 in B.D. +30°623 nearly as strong 
as \ 4542, and in B.D. +60°2522, \ 4147 stronger than A 4471, 
and H and K faint and sharp. With these exceptions, the spectra 
could be described as Od with the bright lines suppressed to the 
extent of a trace of absorption in \ 4686. Their position is inter- 
mediate between the Wolf-Rayet type and Oes. Radial velocities 
for four plates of each are +35.4km for B.D. +30°623 and 
— 34.5 km for B.D. +60°2522. 

A single slit spectrogram of the central star in N.G.C. 246 
made with one prism and a 7-inch camera shows a spectrum similar 
to B.D. +60°2522, the central star in N.G.C. 7635. In all three 
objects, the line \ 4542 is the strongest except the hydrogen lines. 

By way of comparison, a spectrogram of the nucleus of the 
smaller planetary I.C. 2149 was obtained, using one prism and 


t The lines AA 4542,4200, and 4026 are those discovered by E. C, Pickering in the spec- 
trum of ¢ Puppis, for which he employed the designation Hy’, Hé’, and He’, respectively. 
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an 18-inch camera on the too-inch reflector. This nucleus is one 
for which Wright reported a continuous spectrum with no bright 
lines. An exposure of eight hours gave a legible spectrum in spite 
of very poor seeing conditions. The rather faint continuous 
spectrum of the nucleus holds up unusually well toward the violet, 
and is crossed by the bright lines of the nebula, so sharp and narrow 
that their source is unmistakable. Only three dark lines can 
be detected. H@ and Hy are very faint and hazy and almost 
obliterated by the strong bright nebular lines superposed. The 
third dark line is \ 4542, exceedingly faint, but free from any nebular 
line. No trace of \ 4686, either bright or dark, can be seen. Thus 
the nuclear spectrum, freed from the bright lines due to the nebula, 
is rather similar to a weak spectrum of the three central stars dis- 
cussed above. 

Slitless spectra have been obtained for the nuclei of all six of the 
nebulae. The dispersion is small, about 5.omm from Hf to He, 
and conclusions based on them are not as certain as one would wish. 
All six are essentially similar; at least no difference could be 
made out on the small-dispersion plates. No bright lines or 
bands are seen, and all show the well-known strength in the ultra- 
violet which Wright first reported. This similarity of slitless 
spectrograms, together with the results of a detailed study of three 
higher-dispersion spectra taken with a slit, permits the assumption 
that we have in these central stars a class of objects intermediate 
between stars involved in extended emission nebulae and in the 
smaller planetaries. 

Wright himself published observations of only two planetaries 
with mean diameters greater than one minute of arc. These are 
N.G.C. 4361 and 6720. In both cases the nucleus gave a con- 
tinuous spectrum with no bright lines. His fifteen nebulae whose 
nuclei show no bright lines have a mean diameter of about 30” as 
against 20” for the fifteen whose nuclei do show bright lines, 
probably of the Wolf-Rayet type.* 

The evidence, as far as it goes, points to a progression in spectral 
type of central or involved stars from the small planetaries to the 
large ones, and this progression joins immediately on to that of the 

t Publications of the Lick Observatory, 13, 252, 1918. 
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extended nebulae. The complete sequence of stars involved in 
galactic nebulae can be represented as follows: 


Smalliplanetantessci tree Wolf-Rayet 
Pargesplanetariessaeeey ite tear Intermediate between Wolf-Rayet and Oe5 
Extended emission nebulae....... Oes and Bo 


Extended “‘continuous” nebulae. ..B1 and later 


The overlap is surprisingly small and for the most part con- 
fined to nebulae with unusual forms or spectra. No conclusions 
have been formed as to the end of the sequence, although it may 
be significant that the stars of latest type seem to favor faint nebu- 
losity and pronounced obscuration. N.G.C. 2359 and 6888, on the 
assumption that the Ob stars are truly associated, fall out of place. 
In both cases, however, there is evidence of a ring structure that 
suggests a nova origin or at least an affinity with the planetary type. 


ASSOCIATION OF GALACTIC NEBULOSITY WITH STARS 


This intimate relation between spectral type of nebula and of 
involved stars raises a presumption that one is a consequence of 
the other. It seems more reasonable to place the active agency 
in the relatively dense and exceedingly hot stars than in the 
nebulosity, and this leads to the suggestion that nebulosity is 
made luminous by radiation of some sort from stars in certain 
physical states. The necessary conditions are confined to certain 
ranges in stellar spectral type and hence are possibly phenomena 
of effective temperature. The nebulous material itself must be ina 
physical state sensitive to the stellar radiation, and close enough 
for the density of radiation to be effective. The abrupt transition — 
from emission to “continuous” nebulosity between stellar types 
Bo and Br suggests a critical point in the spectral sequence or 
possibly effective temperature below which stellar radiation is 
incapable of exciting nebulous material to emission luminosity. 
From thence down the spectral sequence the luminosity gives a 
continuous spectrum and probably partakes more and more of the 
nature of reflected light. 

A theory of nebular luminosity built on these lines meets a 
first obstacle in the necessity for locating stars conspicuously 
associated with each galactic nebula, of the required spectral 
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type, and properly placed to energize the nebulosity. Planetaries 
offer no great difficulty. There is doubt in some cases as to 
whether the nuclei are truly stellar, but there is usually a con- 
densed center which may well conceal a star or take the place of 
a star as a center of radiation. In several extended nebulae, how- 
ever, there is a conspicuous absence of any obviously dominating 
star or group of stars. Such of those as give continuous spectra 
show pronounced obscuration in and surrounding the nebulosity, 
and offer the possibility that stars capable of playing the required 
role are present but entirely or partially obscured. Nos. 4, 5, 6, 
and 7 in Table I are examples. 

Emission nebulosity exhibits much less general absorption, 
possibly because the matter is in a more highly dissociated state. 
Here the assumption of obscuration generally fails, and the radiation 
centers must be sought among the multitude of stars always found 
within, or near to, the nebulosity. Such stars need not be appar- 
ently bright, for the apparent surface luminosity of nebulae is 
independent of the distance. Furthermore, several of the giant 
planetaries, for instance, N.G.C. 3587, 6853, and 7293, have bright 
nebulosity with central stars of the thirteenth to the fourteenth 
magnitude. Such objects then as N.G.C. 1499 and the nebula in 
Cygnus, N.G.C. 6960 and 6992, might, with no great stretch of 
the imagination, be considered as receiving affective radiation 
from some of the neighboring stars, after the manner in which 
N.G.C. 2024 probably receives its energy from ¢ Orionis. 

These suggestions may be applied to the nebulae considered in 
this paper. Table I contains only six nebulae with continuous 
spectra, which have no stars obviously involved or conspicuous 
on direct photographs for location and brightness. They are 
Nos.4,5,6,7,9,and13. The first four fall in the Taurus group and lie 
in regions of complete obscuration. Involved stars would need to 
lie on the near side or very close to the nearer surface of the nebulae 
in order to be seen at all. In two of these four cases, Nos. 4 and 6, 
faint stars are present which are almost certainly dimmed by inter- 
vening nebulosity. It is possible and even reasonable to assume 
that bright stars may be involved or associated with all four of these 
objects, but partially or completely hidden by the obscuring clouds. 
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No. 9 is the nebulosity north of and preceding Rigel. The form 
of the nebula approximates an arc with Rigel at the center. More- 
over, several fan-shaped details are present which in each case 
point toward that star. In short, the nebula shows a consider- 
able degree of radial symmetry with Rigel as the point of con- 
vergence. The spectral type of Rigel, B8p, and the absolute 
magnitude, —5.5 according to Kapteyn, are significant. The 
nebulosity extends to a distance of 2°5 from the star which, in 
terms of actual distance across the line of sight, is of the order of 
twenty light-years at the distance of Rigel. This seems an enor- 
mous distance over which to assume stellar radiation to be effective 
in illuminating nebulosity, but a comparison with the better-known 
Pleiades nebulosity indicates that the two cases are comparable, 
and Hertzsprung’s’ discussion of the Merope nebula lends consider- 
able weight to the suggestion that reflected starlight can account 
for the whole of the nebular luminosity in that particular case. 
In terms of absolute magnitudes Rigel is about 4.7 magnitudes 
brighter than Merope and hence will have the same illuminating 
power at 8.7 times the actual distance of similar nebulosity from 
Merope; or since Rigel is about 1.5 times as distant as Merope from 
the earth, to an angular distance of about 5.8 times as seen from 
the earth. Nebulosity comparable in brightness to the nebulosity 
near Rigel exists nearer to Merope than to any other of the bright 
stars of the Pleiades, and it extends to a distance considerably more 
than 1/5.8 times its angular distance. 

Inclusion of all the Pleiades stars will not entirely destroy the 
analogy. According to Trumpler’s list of cluster stars, the equiva- 
lent brightness of the Pleiades cluster is of the order of magnitude 
1.3 or about —3.7 absolute, and the center of the cluster is about 
6’ west of Alcyone. Rigel then is 1.8 magnitudes brighter than the 
entire cluster and would have equal illuminating powers on nebu- 
losity at about 1.4 times the angular distance of equivalent nebu- 
losity from the center of the cluster. The equivalent distance in 
the Pleiades cluster is about 100.’ The actual nebulosity is rather 
sharply divided into bright inner clouds involving the more lumi- 
nous stars and extending in parts to about 50’ from the center, and 

* Astronomische Nachrichten, 198, 449 (No. 4679), 1913. 
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very faint exterior clouds extending to 3° or 3°5 from the center. 
The position of the nebulosity near Rigel would seem to fall between 
these extremes. This discussion disregards inclinations to the line 
of sight of the direction from star to nebulosity, and hence leaves 
an element of uncertainty in the conclusion. It does seem plausible, 
however, to regard the relation of Rigel to its neighboring nebulosity 
in the same category as the relation between stars and nebulosities 
in the Pleiades cluster. 

No. 13, the great loop, sometimes called the spiral, around the 
belt and sword of Orion, offers difficulties of another sort. The 
belt stars and the general aggregation of fainter stars in the vicinity 
are sufficiently bright to account for the nebular luminosity on the 
same basis as in the case of Rigel and the Pleiades, but the con- 
tinuous spectrum of the nebulosity does not fit the Bo spectral 
types of the brighter belt stars. These same stars appear to pro- 
duce an emission type of illumination in nebulosity immediately 
adjacent to them, N.G.C. 2024, LC. 434, etc.; yet if they truly 
do illuminate the more distant loop, it is with a different light 
altogether. It may be that the physical state of the loop nebulosity 
is different from that in the closer objects—that the physical 
state of all nebulosity depends upon distance from, and spectral 
type of, associated stars. Or, again, the ability of stellar radiation 
to produce emission luminosity may be restricted to certain limits 
of distance which in this case are exceeded." 

The facts seem definite—the nebulosity close to the belt stars 
gives emission spectra while that far away gives a continuous 
spectrum. Several nebulae giving continuous spectra, as, for 
example, N.G.C. 2023, are nearer to the belt than is the loop, 
but they lie on the near side of an obscuring cloud which seems 
to veil them from the influence of the belt stars and permits them 
to shine by the undisturbed action of their own involved stars. 
Slipher suggested that spectra of the Orion nebulosities change 
from emission to continuous or rather to absorption, as one pro- 
ceeds outward from a center—probably the great nebula around 


tThe brightest portion of the loop is nearest the belt stars. The distance 
across the line of sight to the nearest belt star—f Orionis—is about forty light- 
years. 
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6 Orionis, and these new observations may be but another applica- 
tion of some law. However this may be, the loop in Orion, if it 
does receive its light from the group of stars that includes the belt, 
is the one known example of a nebula giving a predominantly 
continuous spectrum, having as the brightest stars associated with 
it those of a type earlier than Br. 

The result of this examination is as follows: twenty-six 
out of thirty-three nebulae giving predominantly continuous 
spectra have prominent stars obviously involved in the nebulosity; 
in six of the remaining cases more or less plausible means can 
immediately be suggested to account for the absence of dominating 
stars within the nebulae; and in the last case, exceptional in many 
respects, there exists at least possible means of accounting for the 
nebular illumination as originating in stars. 

The case of the emission nebulae is nearly as strong. Among 
those listed in Table II the following do not have early type stars 
actually within their borders: 

Nos. 2, 4, 7, 8, II, 12, 25 (26 and 27), 28. 

No. 2, I.C. 59, 63—the fan-shaped nebulae near y Cassiopeiae. 
That star is obviously associated with, although not involved in, 
the nebula. The very form of the nebulosity seems determined 
by radiation or repulsive action from the star which lies at a 
center of radial symmetry with respect to the fans. The spectral 
type of y Cassiopeiae, Bop with bright lines, conforms to the rule 
previously established concerning the relation between stellar and 
nebular spectra. 

No. 4, N.G.C. 1499—é Persei is the brightest neighboring 
star. The nebula lies on a rough arc, concave to & Persei, which 
can readily be considered as occupying the center of the arc. The 
star is of type Oe5 and hence conformable+o the nebular spectrum. 
No other star in the vicinity brighter than ninth magnitude has a 
spectrum earlier than B3. 

No. 25, N.G.C. 6888—a long segment of an ellipse, of which 
B.D. +37°3821 occupies the center. The stellar type is Ob, 
hence the star and nebula seem to resemble N.G.C. 2359. No 
other star in the neighborhood has a spectrum earlier than Bs. 
The only brighter star near is of K-type. 
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These three cases offer positive evidence of association of star 
and nebulosity. In each, one definite external star appears to 
dominate the nebula, its position approximating a center of 
radial symmetry, its spectral type conforming to the estab- 
lished rule. No rival claimants can be found for any of the 
positions. 

No. 12, N.G.C. 2024—¢ Orionis, Bo, a sort of super-giant with 
an absolute magnitude of —4.17 according to Kapteyn, is con- 
veniently located to energize the nebula. Direct photographs 
give an instant impression that this star illuminates the nebula, 
although the details of nebulosity do not show such marked radial 
structure as is found in the three cases cited above. 

No. 11, LC. 434—the Bay nebula south of ¢ Orionis. This 
seems part of a cloud involving the belt stars and o Orionis. In 
this particular portion, both ¢ and o can be considered as sources 
of illumination, both from position and from spectral type. 

No. 8, I.C. 423—a small loop between 6 and e Orionis, nearer 
the former. Both these stars from their spectral types can be 
considered as the energizing agents. Their positions bear no 
obvious relation to the figure of the nebula, but their distances 
are within reason unless greatly distorted by projection. 

These three cases do not offer such definite evidence as the first 
three discussed. They pass from positive in No. 12 to suggestive 
in No. 8. 

The last three cases, Nos. 7, 28, and 26 and 27, offer more serious 
difficulties. One indeed, 26 and 27, seems flatly to defy explanation 
on any observational basis. 

No. 7, N.G.C. 1952, the Crab nebula, has two faint stars 
about centrally located. The brighter is of about 15.5 photographic 
magnitude and the other only slightly fainter. The nebular 
spectrum is strongly continuous with widely doubled bright lines. 
Curtis includes the nebula among the planetaries, although he 
calls it a doubtful classification. Exposure-ratio plates made at 
Mount Wilson indicate a decided negative color-index for the 
brighter star at least, and this, together with their approximately 
central position, permits the assumption that one or both are 
involved in or associated with the nebula. There are no bright 
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stars in the neighborhood which can be considered as sources of 
energy, either from position or spectral type. 

The question, then, is whether or not the faint central star or 
stars can dominate the nebula. The best answer is another 
analogy, this time with the Helical nebula in Aquarius, the giant 
planetary, N.G.C. 7293. This nebula has a diameter about three 
times that of the Crab and a central star about two magnitudes 
brighter. The relation between stellar magnitude and square of 
the radius are of the same order. If the Crab were at three times 
the distance of the Helical nebula the two objects would be com- 
parable in size and brightness of their central stars. If the plane- 
taries are energized by their central stars, then one may assume asa 
possibility that the same is true of the Crab nebula. 

No. 28, N.G.C. 7ooo—the North America nebula. This 
object gives a considerable continuous spectrum with faint emission. 
Several stars from sixth to ninth apparent magnitude are involved, 
and heavy obscuration is evident around the borders, especially 
in the southern portion. The nebulosity is cloudy and devoid of 
filamentous detail. In a general way it recalls the appearance 
of the Trifid. The spectrum also has some resemblance to that of 
the Trifid, although this latter nebula has a stronger emission and a 
weaker continuous background. The stars involved in N.G.C. 7000 
are all later than B1, and hence can account for only the continuous 
portion of the nebular spectrum. 

Inspection of small-scale photographs of this nebula, for 
instance, those made by Barnard with the 6-inch Willard lens, 
suggests that a Cygni may be associated. The Trifid nebula 
offers a possible analogy, for in the north lobe of that object is a 
star of the same enhanced A-type as a Cygni. The star is 
B.D. —22°4510, photo-visual magnitude 7.2, with a spectrum 
remarkably similar to that of a Cygni. The,star has a color-index 
of about o.8 magnitude and hence is regarded as involved in the 
nebulosity. The Trifid nebula gives an emission spectrum on a 
continuous background. The emission portion can be attributed 
to the Oes5 star B.D. —23°338 in the southern lobe, but the lack of 
pronounced strengthening of continuous spectrum immediately 
contiguous to the star in the northern lobe suggests that the latter 
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star may be responsible for part at least of the emission spectrum. 
The enhanced a Cygni type of stellar spectrum is so unique that 
unusual properties may be suggested for such stars without preju- 
dice to the existing data. Ifthe star, B.D. —22°4510, does produce 
some emission luminosity in the Trifid, then a Cygni can be con- 
sidered a possible source of illumination in N.G.C. 7000. 

a Cygni is some 5.5 magnitudes brighter than B.D. —22°4510; 
hence, if we assume the same absolute magnitude for both stars, 
a Cygni would have equal illuminating powers at about thirteen 
times the angular distance, or by figuring from the dimensions of the 
Trifid, to just under 2°. The nebulosity in N.G.C. 7000 actually 
does extend from 2°5 to 3°5 from a Cygni so that, disregarding in- 
clinations to the line of sight, and remembering that nebulosity 
need not be similarly distributed in these objects, we can regard 
the distances in the two cases as roughly of the same order. It is 
necessary to emphasize that this discussion does not explain the 
luminosity of N.G.C. 7000, and that it does not even make out a 
strong case. The most that can be said is that a possibility is 
offered which derives some weight from analogy and which must 
receive some consideration before it can be definitely dismissed. 

Nos. 26 and 27, N.G.C. 6960 and 6992, are portions of an enor- 
mous loop in Cygnus. This nebula apparently is the one absolute 
exception to the suggestion that all galactic nebulae have asso- 
ciated with them stars of spectral types conformable to the type 
of nebular spectrum. The spectrum of the loop in Cygnus appears 
to be almost purely emission, yet no stars earlier than B3 nor any 
stars of the enhanced a Cygni type can be located, which have any 
probable connection with the nebula. In fact no stars at all, 
brighter than 9.5 magnitude, can be suggested as associated with 
the nebulosity. 

This discussion of emission nebulae indicates that seventeen 
out of the twenty-six objects in Table II have stars of conformable 
spectral types within and obviously associated with the nebulosity. 
Of the remaining nine objects, three give positive evidence of asso- 
ciation with external stars, three suggest such association, two 
offer possibilities of association, and one seems flatly to contradict 
the idea of association. 
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Combining the results from Tables I and II there is one clear 
exception and three difficult or doubtful cases out of the sixty-two 
nebulae. Examination of an observing list of some one hundred 
and twenty-five extended galactic nebulae, all the known objects of 
this class north of —40° declination, shows no other exception and 
only one or two doubtful cases. The evidence then, with the single 
clear exception of the Cygnus loop, is very strongly in favor of the 
view that all galactic nebulae have associated with them stars of 
spectral types conformable to the types of the nebular spectra. 


CONCLUSIONS 


The general conclusion of this discussion is that all galactic 
nebulae are associated with stars and that the spectra of nebulae and 
associated stars have a definite relation. This suggests that galac- 
tic nebular luminosity has its source in stellar radiation. The 
phenomena are not simply those of reflected starlight, for in 
general the emission spectra of nebulae do not agree with the 
spectra of the associated stars. The reverse is true for diffuse 
nebulae with continuous spectra. In these cases the reflection 
theory appears to offer a reasonable explanation, or at least a 
working basis for further investigation. The mechanism of 
emission luminosity will probably find its explanation in the 
fact that it is always associated with the very hottest types of 
stars. 

It is very doubtful whether or not a mass of diffuse nebulosity 
isolated in space and with no stars involved could hold together 
and at the same time shine by light generated by collisions of 
molecules. At temperatures corresponding to intensity-distribu- 
tion or width of lines in nebular spectra, the average speeds of 
molecules would be so high compared to the velocities of escape 
that the nebulosities would probably dissipate rapidly. On the 
other hand, if molecular speeds were sufficiently small to admit 
of cohesion in the mass, the nebulosity would probably be too cold 
to radiate light. This argument suggests that diffuse nebulosity 
is not intrinsically luminous, but is rendered so by external causes. 
The only obvious external sources of energy are the stars actually 
involved in or neighboring to the nebulosity, and definite relations 
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have now been found to exist between the radiations of such stars 
and nebulosity. 

The resulting conception, of diffuse galactic nebulae is that they 
are clouds of material (molecules, dust, or larger particles) illumi- 
nated by neighboring stars. The question as to whether the associ- 
ation is temporary or permanent can be answered by a comparison 
of radial velocities of stars and nebulae. Unfortunately the large 
majority of such stars are binaries which require a great deal of 
labor for determining the velocities of the systems. This is 
especially true of the Oes5 and Bo stars which are associated with 
the diffuse emission nebulae whose velocities are best determined. 

The meager data available at present are indeterminant. 
Radial velocities are given by Campbell and Moore for six diffuse 
nebulae as follows: 

N.G.C. 1976 (Orion) +17.5 km 
3372 a Oso 
6514 (Trifid) -+11.0 
6523 (M 8) = 96 
6618 (M17) + 7.0 


The brighter stars in N.G.C. 1976 are all binaries for which 
no velocities for the systems have been determined. The stars in 
N.G.C. 6618 are faint and no measures have been published as yet. 

n Carinae, in N.G.C. 3372, gives for the hydrogen lines velocities 
differing from those of other emission lines. The mean of four 
spectrograms measured by Sanford’ gives +33.8 km for hydrogen 
and —22.8km for the other emission lines. It is just possible 
that the mean, +5.5km, may have a significance when com- 
pared to the nebular velocity, +-6.0 km. 

The three brightest stars in N.G.C. 6514 have been observed 
at Mount Wilson. They are: 


Eat o AES NBD epee ha ieac ici sense GG BOO — 1.5 km, 3 plates 

B.D. —23°13804 (brightest comp.), Oe5 ...— 4.7 km, 4 plates, range 26 km 

B.D. —23°13804 (second brightest comp.),B1+17.3 km, 3 plates, range 20 km 
JU RGEN Sis alone ONS tan oi (SON are eer an teen + 2.9km 


The two brightest components of B.D. —23°13804 are un- 
doubtedly binaries and the mean of the seven measures for the 


« Lick Observatory Bulletins, 8, 134, 1916. 
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two, +6.3 km, is suggestive, but by no means conclusive, on the 
question of agreement between stellar and nebular velocities. 
B.D.—22°4510 is definitely not in agreement. Its high color-excess* 
may mean that it is seen through the entire nebula. 

One star in N.G.C. 6523 has been measured—Boss 4560, Oes, 
magnitude 6.1. The spectrograms give a velocity of +12.6 km. 
As the range is 33 km, the star must be considered a binary. 

Further data on this question are very desirable. A casual 
inspection of diffuse nebular structure and configurations of 
involved stars suggests that the association is for the most part 
temporary. This may be one fundamental distinction between 
diffuse nebulae and planetaries, for in the latter the central stars 
must be permanently associated with the surrounding nebulosity; 
otherwise their central positions could not in general be maintained. 


Mount WItson OBSERVATORY 
May 1922 


* The color-index is 0.8 magnitudes. See Mt. Wilson Contr., No. 187, p. 15; 
Astrophysical Journal, 52, 22, 1920. 
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INVESTIGATIONS ON PROPER MOTION 


SEVENTH PAPER: INTERNAL MOTION IN THE SPIRAL 
NEBULA N.G.C. 2403 


By ADRIAAN VAN MAANEN 


ABSTRACT 


Spiral nebula N.G.C. 2403—Two pairs of plates covering eleven- and eight-year 
intervals, respectively, and all taken at the primary focus of the 60-inch reflector, 
were measured with the stereocomparator, and the motions of 76 points, presumably 
belonging to the nebula, were derived with respect to the mean motion of 24 com- 
parison stars. The results for each point and star are shown by arrows on the accom- 
panying photograph. The proper motion of the nebula as a whole comes out very small, 
namely, ua=-+o'oo2 and 4s=o0%000. Taking the inclination of the plane of the nebula 
to the surface of the celestial sphere to be 48°, the internal proper motions in the plane 
of the nebula come out very similar to those found previously for M 33, 51, 81, and 
to1. The radial components are practically equal to the tangential components, both 
increasing with the distance from the center; the motions indicate an outward 
streaming along the spiral arms at a rate which increases from o’o15 per year at 1/4 
to o”040 at 8/9 (the average being o’o19), combined with an outward transverse 
motion of about o”007 per year. 

Proper motions of 24 comparison stars were also determined with a probable error 
of 070038 per year. All but one or two have velocities less than o%02 per year. 


In January, 1921, Mr. Duncan succeeded in securing with the 
60-inch Mount Wilson reflector several plates of the spiral nebula 
N.G.C. 2403 with exposure times ranging from one hour to four 
hours. For this object Mr. Ritchey had already taken plates in 
1910, 1916, and 1917, and Mr. Pease had taken a photograph in 
1912. Of these plates four were selected for measurement, and 
combined into two pairs for which the observing details are given 
in Table I. 


TABLE I 
Date Observer Exposure Quality 
Tine) IRES Vicneep aoa uorabdacad ¢ Ritchey 1 g 
se Allee A Ses icccvers cvassiere ovens : Duncan a fg 
HOLE ZUNOVE Gitecrs sietett sci sisieleie%s A Pease 332 g 
layered Fits SG Go senaon oc coo coOae Duncan 45 fg 
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The nebula is described by Curtis‘ as ‘‘a bright, beautiful spiral 
16’X10’. No nucleus apparent; many almost stellar condensa- 
tions; of the general type of M 33.” As the galactic latitude is 
not quite 30°, we have an abundance of stars which can be used 
for comparison purposes. 

Seventy-six points, presumably belonging to the nebula, were 
measured, while for comparison purposes twenty-four stars from 
magnitude 13.5 to 17.0 were selected. 

Both pairs of plates were measured with the new stereocom- 
parator in four positions, with the direction east, west, north, and 
south successively coinciding with that of the increasing readings of 
the micrdmeter screw. For each pair the two measures in right 
ascension and those in declination were combined into one series 
of displacements; these values, Ma,, Ma,, Mé, and Mé6,, were 
reduced to proper motions by equations of the form: 


M.=atb«+cy+da?+exytfy+ma (1) 
Ms=+b'xet+cy+d'x+exytfy +m, 


in which a, b.... f' are the plate-constants, x and y the co- 
ordinates of the objects measured, and m, and m; the proper 
motions, expressed in parts of the micrometer screw. In order to 
reduce these motions to annual proper motions, expressed in 
thousandths of a second of arc, the quantities m, amd m; for the 
first pair of plates must be multiplied by 0.765, for the second 
pair by 1.022. 

The plate-constants were derived by least-squares solutions from 
the sets of twenty-four equations of form (1) for the comparison 
stars. The constants thus found were substituted in the equations 
of conditions (1) of all the objects measured. The annual proper 
motions are given in the fourth, fifth, sixth, and seventh columns 
of Table II. The second and third columns of this table contain 
the co-ordinates in « and y, expressed in minutes of arc, with a 
precision sufficient for identification. 

Weights 2 and 1 were assigned to the two pairs respectively; 
the mean motions thus derived for the nebular points include the 
motion of the nebula as a whole with respect to the 24 comparison 

* Lick Observatory Publications, 13, 24, 1918. 
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TABLE II 
CO-ORDINATES AND ANNUAL DISPLACEMENTS 


BROROH EOD IAD AO MMOMOAMHMAMNTAANAGD MO MO RH THN 
HON HH HAH a H a HA HAAN HON 


fo) 
Io 
Io 
22 
4 
44 
6 
4 
20 
8 
7 
8 


ie) 
Se) 


zea ahha De mre oo aed ce er arae Ort ery reae Gx ey eae ath ky ptoptby preity ere vere pb ere 


WHMOMOOMMMNNMODOHOMERHO MH NMHO THMO AOKnR TH AOD NMODANHDODAHROUOD TNA 
oo +r Pa AQHA H MH AH AH H Celice aa H wma H 
3155 
PHL PAFHE LPP FEET LEAL AEEEHAAHH++H PF ++4+4+4+4+4+4+44 | 444444 
MMA TTOOOMADHORO DOMMANDAMAOMW MH MMH FTO MONRO MADHMANMNHHADO AN 
3 8 Ho i) HH eM oe Hw H HH +tMOAH He HoH NHH MOON MH NH tHH A OH 
a 
<5 


pes, ak i eh ek et Tek lV tf ld nO Ms i ee 


eke BOE PEG gE GS 2, G8 ND ISSN OND OG ESRD, 2.0) 200 Os SEES ICD: F= 00 6Y COO ERGO bs OE On 


° iP) ie) al H 4 H H 
alte 
2 

See tae dee eee lt 1 eee i 
SE Nephi oleate ghee Be ate Gt olka BoM poi Rte hol iy Rok Rak Nid RCS ae oy ile te SR ch todd We Sete in 


a OFTMMNH OH FHA HTNHANHHNHTNHONOAMOODOAANAA 


Testi Fae PT bal ee ee 


+2 
+3 
+1 
+o 
+o 


OtanasgtNmHHAoooOMmdMY Mind Ao Vila fe ae en Cc ae ee 
PE TS UST UESE Ue eaP aeetei h ( 


OoOnMmt NWN 
FEF EFFEF IPT TEE 


SM hk Rh Ce ae ee ae SP See Se eee eC ek NRSC SH Sey let a eM oP \etaee CALn Oil e wa Rly my Sills mal Sinise eae Pas PON e Rane ita Bae, 


Bee) hfe) ei Ae a ve ead oe ak OL AR We OF AO SES TUE RUG ay ee val Ole ele ke.) Tae Sarees Gieal. 6h ee Ceanenl Glebe duly OS 
mY ee) ae ke Se) A Le Bt Gee. Se 16 Tbr wi Sees 6 hae ee Ne oa Oe Pte, be ee ay ale Ot ete. “eee fet ie) ek lero rou ecl el) Se UG, ct eee cone 
08 OS TE Oe ee ee ae Ka ON a ed weg eee) 8, el Bele Lely Te nee ay a enol, fei. tele JSPeLe an es tee lie) Awuinied liad tate te koe ane ere 
POPP Oe. 4p ABV EOE Si gre, Wide S, Bia Ie BOT a Be ee ee) eh ee fe wh ie me Le ear Slot Calta eek eee be 6 A Sea eee Vk Sinner ne. Thee =. ee Geek Bee ree 
eae eT ee ee es ee ae ee Te Nek ner Tees Or Tan! Ge Dear Gas CBr ek Pega ee, NO ae ee eee kr eee ik ee A aa te ey ee en, Daren eee meee ek May | Ly ae 
Ce eee Pe a ee el A ee JN ee AT Tae vig ee NT ae Te ee OP g faey wey eh bee far ere Saar Te FS aa tee) TE Ry wok We ero er nen oe woe 
SP BY OS i SS ee ae Re eT es ee ee ee he hl Sey Male el a) es ey wee wee Wa: Met Wien beueiel atefcte! See (wine Welw ia Nad aetna me oak: 
Cea A ee a Ot Te Pe ee) Se ee er ee a ee ee eet et ee ee ee Ie ee ieee fp DEL po io ry ew POT en ee ae Ga Se ee 


DOr SR OR ee A ee ee a ee Ww ioe ee) el im) Re) Aiea OPN ele WG ee al Venere eth lee: Gis car Mie ce chao n Cot SR OCRe ae an oe 
CCS MAA Cg ame Mt a es ee ee eT Oe et ee ee fe a me ee Mi WA ee a ee oe Solu Nee heen oe YORE CM ve Ry snd eke ate mr se tree Am Oe Py og te 
Ow NO 8 ets CT Oe Oe) bee bie a Ok he eae Ree Oe) Ce eR Ol ee tO Wed el Legh b, bon Bf cuescr ec eke alley a0 Lisl oie, cceltith) Get wo ase ameiat! ia merit. at 
ee cle Os ee On Sr Te Ge at GR ne Mi! a ee WO ee re aw WO ae A ee oe eS emer fee yh ee Naa ey eh GTR EAS (Peters pe pe poe oe 
te A eC Lae edt Ge AML tad, efile te Aucune. LR gel Ie Nag ep Noa Wp as Su See eR Cam Ue OR Sew kT MT em ie TA RNP ter) Bar oh eae Ce Ata Mico a ake 1a erie Ue Ren 
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TABLE II—Continued 


No v y Mar Ha2 Sr HS2 
re coe nae. Pa! —o!r | +1/7 | +0%o2r | +0%018 | +o%o15 | —o%oo2 
EPRI ee ae 0.0 se ty Aan ie A Vc OS 
PARE, ee Matra trot —0.3 speci | |! sie Ci Gye Bal es 
PA Mra Sy NES —0.6 FOS fo ER ae ii Oa) one 
LAY Rey Pare ee —0.3 +04 PR 2h Pi, ee eee ee 
BA rayaracaishertre yeie eels =O), +o0.3 | + sit a7fit 5|+ 24 
BG ernie sist erelslelansueloetste Ons Olen — 4/c+ r/— 4|—- 3 
AO Rabie Pet etter —0.3 —o.3 |— «mm}]— 34]+ 2|— 21 
Cy ie eata now Ooo Ona —0.5 —)) TO \a— 24a a 3|— 40 
BOs sereGi ten stron —0.5 —=010 = 6|— 13|/+ 13|— 40 
BO tare seneverorei sie eksie wie —0.7 —I.1 — 2|— 29|+ 2]— 20 
AO wyestermitren caine —0,.2 —1.0 + 4/— 22)+ r/— 29 
AL ies be serrated: =O )f —1.2 —_— 5|— 22] + f<) — 026 
TICS es Gas Scotus efeniae 0.0 —1.2 + tI0] — 12}+ 10|/— 30 
AB eon nals ve noc scene —O.2 —1.8 = 5|— 28| + 8} — 7 
BAe eek Te iene ae +1.3 —4.4 |} + 4|— 16]— 8|— at 
AG tot cyesre cheater ts +1.5 —3.5 + 4|\— 2) — 18 | — $22 
Aci ercisee aniatnet Sb —2.3 + 5|— to| — 2 \"— 32 
BU eterna te sr eiorante see +154 —2.3 — 23/+ 23]/—- «m7 /-—. 29 
AS eeeereitaereinte eee +2.0 —2.3 |+ 1/— 30] + 2|— 34 
AG oh thom Ronee ee +2.1 —2.3 }+ aa}]+ aufit+ 1/— to 
SOs cseouie serosa Sete —2.2 |+ m3] - 6 o|— 24 
if Dstt sn onteectes teers +2.0 —2.1 + 4|+ 8] — 3) — 8 
Qin tier satevers cfs crept: —teS = Te + 29] — 8-|-— 13° | = ego 
5 3 rear otarenstorcre erence +1.4 —1I.5 + «3m1/]-—- 6r1]/+ 7\+ 5 
GAs teaversukeve chet avacertaee +0.9 —1.0 | — 2\/+ s|— 2|— 39 
5 Giatc taney cteraie sc sroteconeece +0.9 —0.7 + ar|+ 4)/-— 5|— I9 
GOnieen witen cetera +0.7 t+to.4 | + 5|— 3]; - 4|— 30 
EL BRAG ArtCR RE AR Se +0.6 +1.2 + <3/]+ 28] — 8] —-— 4 
SOiren meee lio +1.1 +1.4 _ 4|)}c+ Ole) TSinoeesS 
SQisis ose wittneloe sree +0.7 +3.7 + 2}]+ 18]+ 20] — 2 
OOrr he eotretiertetsaaas +0.6 +3.6 + 28/}+ a4r]}/+ 20]-—~ at 
OD aes here ee +1.4 +0.5 + 8} + 16] + 2 ° 
OB eras cei +1.5 +o.7 | + 3m]+ a7] — 8| —- 9 
OBR Oe cmc oie +2.1 +o.1 + 20] -— 8) —-— 13) — a7 
OA a trorsisia seeaen ie ee ain2eS ©.0) =a 36) || Z|) ey SS 
Obi cn weae ee nee +2.8 —0o.4 + 21+ 31] — r|— 2r 
OO seer wane, cere +2.9 —o.5 |+ iu5|]+ 23]/— 16]— 30 
GT ee ae hie oe +2.3 —0.7 + «1!/1+ 30] — 3 |— 32 
O38 re eater oe tee +2.8 —2.4 | + jalf ah 2Xay |) 5u\| eee 
OO oars ener, = e097 ano = 52s A oe ee 
Or eae ei tety eee +2.9 aay Pap te) |p ey | SE ale ee! 
7 Sapa aiereteter sve tane nasties =-2\.4. hha eS jee |S Sp || Gl AG 
yon Ae ee +2.5 —4.2 | + 2|,—- «i ]— 8|— 61 
ORSON ie MAIO $2.7 —4.1 - 3 || = = 23 o|— 9 
Tes wieiezsexe-erotens, oretuahe +4.7 +2.7 + 34/+ #3r]/—- Im0|— 16 
W7 Milta avers ra, eka tere sictoke +4.5 nS + 26}/+ 24 o|— 46 
WOnvneie sates. stele tieiels +6.2 seo fae ce el SG Il ce 


stars as well as the internal motions of the individual points. 
To derive the motion of the nebula as a whole, the same process 
was followed as for the nebulae formerly discussed. 
* Mt. Wilson Contr., No. 118, p. 9; Astrophysical Journal, 44, 218, 1916. 
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PLATE 


3) 


INTERNAL Motions In N.G.C. 2403 


The arrows indicate the directions and magnitudes of the mean annual motions. Their scale (01) is indi- 
cated on the illustration. The scale of the nebula is tr mm=8"r. The comparison stars are inclosed in circles. | 


THE SPIRAL NEBULA N.G.C. 2403 5 


a) The mean for all of the 76 points gives: 
Ma=+0"%002 Ms=+o"oor. 


6) If the points are divided into four groups, corresponding 
to the four quadrants, the means of the two groups in opposite 
quadrants should give a good agreement. We find: 

Ma= +0" 0005 


Means for I and III iF 
bs = —O. O01 


= " 5 
Means for II and IV ee cies 
bs = +07 0005 


The four quadrants combined give: 
Ma=+0%002 ls =0" 000. 


c) In order to avoid points far from the center, which have 
an asymmetrical distribution, we may use only those within a 
radius of 4/2. We find then: 


ae ” 
Means for I and III Hae geek 
bs = —0"002 
Ma=+07004 


Means for II and IV | i Roe oroos 


The four quadrants combined give: 


Ma=+o0%0025 bs = —0” 0005, 


Giving equal weights to each of the three methods used, we 
derive as the final motion of the nebula as a whole: 


Ma=+07%002 [ls =0%000. 


If now we subtract these quantities from the values uw. and ps 
for the nebular points, we obtain results which represent the 
internal motions and are given in the second and third columns 
of Table III and plotted in Plate III. The plate also shows the 
motions of the 24 comparison stars as given in Table II; these 
stars are surrounded by a circle. The scale of the motions is 
indicated in the lower right-hand corner. The arrows represent 
the motions in about 1300 years. The probable errors of the 
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TABLE III 


ANNUAL INTERNAL MOTIONS 


No. Ha us Rotational Radial Stream | Transverse g 
Tae ee Onn Arte —o"029 | +o%018 | +0%022 | +0%028 | +0%034 | +o%or12 
DEENA oie alg ieke orev tive — 28 [+= | 726) 5) S340 hea. AOmlect. 8 
Bani eneee eee ee _ 7\ + 3H) + 6{,+ «3mm]+ 8}/+ 10 
ee OOO COIR ARSE — 19} -- 2|— 16|/+ 12]!— «t0/+ £18 
id occur eo tie bp + 6} + e221/+ 321/+ r0] + 32] + 6 
Oueenateeeiees + 4|+ 42/+ 48/+ 30/+ 52/+ = £20 
tried Rear rayeaidi Grave oe + 6) + 16)/+ e2]/+ 10] +- 24/ + 6 
Saw an, ices anace —- 6|/+ al+ 30/+ 4/+ 30/+ 4 
Qhrcconcersis ele ovoreeesstene _- 2{|+ 2{/+ 2)/— 2|-+ 2)—-— 2 

TOC eae re wepatene te — 2)]+ r|— 6|/+ 30] -— 2}/+ £30 
Eh are Ot EE —- I9]/+ 8/+ 16/]+ 8] + 16]+ 8 
TD cnsters ots fare Ea le o|+ m]/+ 16] = 2|+ 16] — 6 
T Siparraystronis clever — 36|+ 23]/+ 32|/+ 28|+ 38]-+- 20 
TAR eh aie ails aes —- <ml]+ siai{+ 16)+ 8} + 13] + 4 
LG Mmieereryte oeiactere —- «m]+ 8] + 2|/+ 16/]+ sI10/+ 14 
TOS seahens smite wees —- md ]+ si- 2}/+ 18/]+ 6|/+ 16 
LZ Shes oth stee Mirae + amamj+ mumt]+ 18/+ 6}/+ 20] + 2 
ES aeticarnekete esteicistte + «mj+ 31}/+ 30}/+ 20]/+ 34]/+ £16 
LOwb oe tosaewrelet er + <i] + 13) + ° 18) + 4) + 20] - 2 
QO Mira cies + 71) + 2};+ 20]/+ 2]|/+ 26)+ #14 
Py Ree oar ey eie + I0}/+ e2);+ 32}/+ 28};+ 38|/+ 20 
22 A adictisis steer + «1m |]- 3/+ 2] - 4}/+ 138] - 6 
BB Ri ras scandens ensltnere Ghee: + «a7)/+ 313)/+ 16)}+ 2;]/+ 20] —~) 22 
DA erecta oicieree + 4) —- 1} + 6 o{j+ 6 ° 
25 haces comietaieheets = 3/+ go} — 4/+ 50} + 6)/+ 50 
QOnaain oe wanes seats Ge Vien eile. ed ce eo a IPG gS 
Oy Hates SOA eR ira + o|+ 5|/+ m4) + 8}+ 1%14/+ #10 
A Siratratncie: mahtsreetes + au]- 2)}+ smrm]ct+ 2)}+ %m4m4/+ 2 
OT iy AOC CR TORRE OTE + 18/]+ o|+ 18]/+ 20}/+ r6/]+ = 22 
BOL mi stncsee eee + «16/]+ 4/+ %m4/+ 16/]+ 3m/]+ = #18 
ZB Divsloinieiott sinte seere iets + 3m5]-— r}/+ 18)+ 2);+ 13] —- 2 
BQ ieratelavernterae oo tesyacas ets 237] fe | 8}+ 26] + 8|+ 26 
1B Sie retolora ouatNie shesho aise + 7\ + mwm{[rt wml+ 16)+ 22] + 4 
BA sac eveve ave of ereisiele + 71/+ a|+ si/+ smi]+ m/]+ = #10 
BG ais siersaveisisrateteiel eave - 4|—- 4 o|+ 8 o{j|+ 8 
BO ase denice waters — ar|— 6)}+ 11]+ 1/+ 24/+ #210 
RY poe COMMAS Ged e eat 25| Wie Sn Coma KDU ences ey oof.) 
BS. cciaie SAO re ors = 510i t— s5|t+ 6/+ 10} + «sr]+ 4 
BO crals a aercteveinereter ons — 28 | -- 71+ 2/+ «m)]+ 28] — 4 
AO ois acislsicinie eres — Wi || Gees o|+ 6)/+ 3im]+ sr)]+ 6 
Alerde cre hes see eT 3 |i o}/+ 16}]/+ 16]/+ 22] + 2 
AQ ge techn ols aioe ire + Ij— 3} —- 21+ 4/+ 2)+ 6 
ABM Voxse toa aaa <5 [- 3/+ 16)/+ 2|/+ 16] —-— 6 
BA vermisse ae Prion - 5i—- iz2/+ t10/+ 131/)+ 31/]+ = #410 
TARAS GP eR yiirad _ 7 N= tS |s SELON | o-marOnltrtm moa mets 4 
AOL ss tls ieieeens _ 2}/—- m]+ 8}+ 310/+ 312]+ 6 
AT wasalsisieisteete steers i Se RO eS oye ney ce eye) If ci 2 
CS AMER Aye EE a I] — 10] — 2,4 8) + 6;+ 6 
AQ creamer on aie eee + o|— 3; + 8); + 8] + 12 ° 
SO errs hie oon caterers + s|— 8} — 8) + 8] — 4;/+ 12 
LP nates Hinde ots dire + 3/— 5s|+ 4/+ i10!/+ s310]/+ 6 
G2 vils denseNcet ones + <m]— 319] + 2/|+ 221/+ 18/]+ #10 
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TABLE I1I—Continued 


No. Ha Ms Rotational Radial Stream | Transverse 
RNP ahetse elas te State —o"%or4 | +0%006 | —o%008 | +07%016 | —o0”006 | —o”016 
IS Aveta sara hater aoe vate faisgne - 2/— «xm{+ 16|+ 8 16 | — 8 
IAN ARS e S IEA “a 13) 9 tO | 2/+ 6|+ 1r0j/-+ 12 
OGe a warsrccsstercen eae Oo[— 13.| - 14] = 12°) +" 10] =~ 56 
syih, See Seer eee + I9}.- 7;+ +.221+ 1t0]/+ e2]+ #410 
Oe ones Re ks = 2h i) S239) 4) era |S 630) eta — 0 
Noe Ae Se cee + 20}/+ 3;/+ + r}+ 30] + 24;/+ = 26 
OOM ewe ise e sali er + 30/+ 12/+ 28]/+ 36/+ 32]}/+ £32 
SCAG a aoe caine 4 o|+ rr] + 4/+ a3m12]+ 6/+ #10 
OS ISA OER + 18] — 8)};+ 16]+ 16/]+ 22})/+ = #&2xX10 
OS tla vitisieis 56 0s ots + 9o|/— «m{]|+ 14 /+ 4/+ 1m4]- 4 
CA ties case Cis lens + 2r]— 24/+ 26}/+ 16/]+ 30] — 2 
Obisantes cike-acepe aeiets + to] — 8} + 6/+ 10]; + «3srw2|/+ 4 
Orman dete Geass + «m/— ar}+ e2o}/+ m/+ 2] -— 2 
perce oxen oa ca + 1]— 26}/+ 26/+ 18)/+ 30] — 4 
DSEt ea ook es be cee _ 6}— tr0o}|+ 16] + 2/+ %mm4/- 6 
Ca aie Oe area oe — ar{— 29/+ so}+ t10]/+ 48] — _ 16 
PC ietae atest, +2018 are = 7 |= 3/+ #12 o|/+ 10] — 6 
TASES cece seer —- «Imm7/— 2;/+ 36)/+ 18]+ 40] — 2 
DCRR Ge ceo okt - 5|— 26)/+ 26/+ 24 ;]+ 36] + 6 
PT Ane ecees Ss wee cay —- «m{— 3|/+ 16 o{|+ m4{]- 8 
PAI re artes dace Ook + 3r/—- «mm2/+ 26}/+ 26/+ 30/+ = 20 
WI ord Sontie Seca + 23/—- «I5/]-— 4/+ 30/+ 26)/+ 14 
PO Meee ce ieee c | + 7!|—-— 2)]+ 28]/+ 20]/+ 34 ° 


mean annual motions for the comparison stars are 070036 in a 
and 0%0039 in 6; for the nebular points, o%0071 in a and 0%0082 
in 6. 

The plate indicates motions analogous to those found for M ror, 
33, 51, and 81. They may be interpreted either as a rotation 
combined with a radial motion outward, or as a motion along the 
streamers outward. In order to investigate this it is necessary to 
take into account the inclination of the plane of the nebula to the 
tangential plane of the celestial sphere. It was estimated that the 
intersection of the two planes is in position angle 130° and that 
the inclination is about 48°. A diagram was constructed in which 
the foreshortening of the nebula was corrected; the motions in 
this diagram were then resolved into (a) rotational and radial 
components; (+) components along and perpendicular to the 
arms of the spiral (stream and transverse components). The 
results for the individual points derived from the diagram are in 
the last four columns of Table III, where the positive sign is used 
for motions in the direction north, east, south, west, and outward. 
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a) The mean rotational component is +o%or5-to%oor; the 
mean radial component, +0”%0140%001. There seems, however, 
to be a considerable increase of the motions with distance from 
the center; we have: 


r=1l4 Prot. = +o o1r Mrad.= 0.013  N=23 
ant +-0.015 = O,081 37 
Set +0.015 +0.019 II 
Wea +-0.023 +-02023 3 
8.9 +0.028 +0.030 2 


The rotational components would correspond to hypothetical 
periods offrom 50,000 to 120,000 years. 

b) The mean stream component is +o’o19-to’oo1, with a 
transverse component +0’007+0"001. With increasing distances 
from the center we find: 


r=1'4 Mstream.=+07015 — Mtran. =+0%009 N= 23 
ae -++-0.019 +0.004 37 
(oe +0.021 +0.012 II 
723 +-0.028 =O 00} 3 
8.9 +0.040 -+-o.0oI0 2 


The evidence is then, as in the cases of M 33, 51, 81, and ror, 
more in favor of a motion along the streamers of the spiral, com- 
bined with some radial motion outward, than of a rotational 
motion. 

I wish to express my thanks to Messrs. Ritchey, Pease, and 
Duncan, who secured the plates used, and to Mrs. Marsh, of the 
Computing Division, for making all the necessary duplicate 
computations. 


Mount WItson OBSERVATORY 
May 1922 
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INVESTIGATIONS ON PROPER MOTION 


EIGHTH PAPER: INTERNAL MOTION IN THE SPIRAL 
NEBULA M 94=N.G.C. 4736 


By ADRIAAN VAN MAANEN 


ABSTRACT 


Spiral nebula M 94 (N.G.C. 4736).—This beautiful object has a large nucleus 
surrounded by many closely packed whorls. Comparison of two plates taken in 1912 
and 1921 by Pease and Duncan, respectively, gives an annual proper motion of the 
nebula with respect to 14 comparison stars, of wa=—o%014, 4s=0%000. The motions 


of 32 nebular points with reference to the nebula are shown on the photograph, Plate LV. 
The internal motion seems to be a stream motion of 07021 outward along the arms of the 
spiral, combined with an outward transverse motion of about 0%009. The motion is 
analogous to that found for M 33, 51, 81 and ror and for N.G.C. 2403. 

Parallaxes of spiral nebulae——A discussion of the methods of derivation leads to the 
conclusion that the three most reliable are: (1) Jeans’s filament method, (2) comparison 
of proper motions and radial velocities, and (3) comparison of internal proper motions 
and spectroscopic velocities. These methods point to parallaxes of from o”%o001 to 
o”ooro and indicate that the distances and sizes of the nebulae are considerably less 
than those required by the island universe theory. 

Curtis* describes this nebula as “a beautiful object. From 
the very bright, large nucleus spring many bright, closely packed 
whorls, forming a bright inner oval 2’X1‘5 in p. a. about 110°. 
These inner whorls show many stellar condensations, whose sharp- 
ness and proximity to the nucleus would seem to make this one of 
the most favorable examples known for the investigation of motion 
in spirals. Fainter, closely packed, rather uniform outer whorls 
bring the nebula to a size of 5’X3/5.” 

Three plates of this field were available for measurement, taken 
in 1912, 1916, and 1921. ‘The first plate, secured by Pease, Febru- 
ary 20, 1912, with an exposure of 3545" was compared with the 
one taken by Duncan on January 5, 1921, with an exposure of 2'10™. 
Fifteen stars of photographic magnitude 15.5 to 17.7 were selected 
for comparison purposes. One of these stars, 6, was omitted in the 
reductions, as it showed a considerable proper motion; this star 
is a double having a companion of about the eighteenth magnitude 
at a distance of +5” in p=+355°. 

t Lick Observatory Publications, 13, 33, 1918. 
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Thirty-two points presumably belonging to the nebula had meas- 
urable images on the plates; 19 of these belong to the inner whorls, 
while 13 are at greater distances from the center. Table I gives 


TABLE I 
Co-ORDINATES AND MEASURED ANNUAL DISPLACEMENTS 


x y Ha ry 
—4!o +5/7 +0%008 +0004 
—4.8 +2.6 + 59 — ‘118 
= Oso 30 ° — aera: 
—1.1 +-2.7 tat it) _ 6 
== Oig5 oe = 10 = 3 
=526 —2.9 ar | Sa 
—2.0 7, a 5 -—- 8 
—o.6 —3.3 P 3 — Ta 
+1.6 —5.5 aE 8 — 3 
+3.5 —4.5 — 18 + 5 
+8.2 —1.0 5 pene are 
apes —T.2 ar) a + 6 
+6.6 ae 9 ae 8 — 20 
+4.9 4a een le ap 8 
+3.0 +3.2 = 7 Gt mg [8 
—0.7 +0.6 ap as + 9 
—0.6 +0.6 ae + 3 
—o.6 +o.4 — 34 + 24 
—o.6 =t-One eZ + 28 
—1.6 +0.4 | ahs ae. os 
—1.9 —0.9 ra 8 ay WS 
m3 —0.9 Sate 72) =P a8] 
—0.9 1.3 ae oe?! ci2O 
—o.6 SIS — | 50 _ 6 
—o.6 <— Oy 2 26 a 14 
=O) 51 SO). — 44 _ 12 
= On2 O10 = oP + 4 
+o.1 —0.5 — 19 == 3 

0.0 —076 = 2s + 18 
+0.4 =O-5 = a4 swear 
+0.4 =—010 — 34 — Es 
O25 —0.38 = 24 _ 30 
+0.9 —0.6 + 12 — 7 
+0.8 —0.6 — I2 + 9 
ee eel b _ 3 _ 30 
Sore —Ond _ 7 = 8 
+2.0 —0.6 — Io a yi 
+0.9 +o0.2 + 3 ae I 
On “Ons ae Bh = G 
0.5 —-On5 — 7 — 12 
+0.3 +0.6 Enso = 6 
—o.r an One7 = ie _ I 
1.10 a tie) — 16 = 3 
SY +1.4 + 16 ate ER 
3.0 +1.8 si 6 —4 32 
se2u0) +1.1 + 31 = 

of = 110 —=O0O57 +oforo 
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the positions and the annual motions in right-ascension and declina- 
tion of the objects measured. The results were obtained in the 
same way as for the spirals discussed in earlier papers.’ 

The measures were as 4 whole rather difficult; the exposures 
were too long to prevent the points in the inner whorls from showing 
large images imbedded in much nebulosity; on the other hand the 
exposures were too short to give strong enough images of the points 
in the outer whorls. 

Asin all other cases previously discussed, the motions thus found 
are relative to the comparison stars. In order to derive the internal 
motions the results must be freed from the total motion of the 
nebula. We have therefore followed the same process as for M ror, 
33, 51, 81, and N.G.C. 2403. 


All 32 points give for the mean motion of the nebula: 
Ha=—O"OI5 [s=0"000. 
Dividing the points according to the four quadrants, we have: 
Means for I and III, 
a= —oor165 bs= +0" 0005. 
Means for II and IV, 
Ma=—ovor4s p =+0%oo1. 
The four quadrants combined give: 
Ma= —o"0155 Msa=+0" 001, 
Using only the 19 points of the inner whorls, we find: 
Means for I and HI 
Ma= —0" 0005 ps= —O“oo15. 
Means for II and IV 
Ma= —0~0135 Ms= 0%000. 
1 Mt. Wilson Contr., No. 118; Astrophysical Journal, 44, 210, 1916; Mt. Wilson 
Contr., No. 213; Astrophysical Journal, 54, 237, 1921; Mt. Wilson Contr., No. 214; 


Astrophysical Journal, 54, 347, 1921; Mt. Wilson Conir., No. 242; Astrophysical 
Journal, 56, 200, 1922. 
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The four quadrants combined give: 
Ma= —o*orrs Ms= —O"00T. 
Giving equal weights to each of the three methods, we derive 
as the final motion of the nebula as a whole: 
a= —O*%0I4 ps =0"000. 
If now we subtract these quantities from the values uw, and ps 
for the nebular points, we obtain results which represent the internal 
motions. These are given in the second and third columns of 


Table II and plotted in PlateIV. The plate also shows the motions 
of the 15 stars as given in Table I; the stars are surrounded by 


TABLE II 


ANNUAL INTERNAL MoTIONS 


No, Ha 5 Rotational Radial Stream Transverse 
Taso eee +o%o040 | +07%009 | +07033 | —0%026 | +0%037 | —0%020 
Peete + 26 | + 20) |e-la0e 23 =! 55. |e ees —- 4 
ett OU Eo —- 20 |+ 24 {+ so |+ 29 -+ 109 + 24 
AN ere — «14 + 28 + 22 + 22 + 26 + 13 
1S ae aoe Secale et Poe | oyk Wee ety |S abe lap SH 
Wien bre cadens = - 30° | ah Ne eed |e eee Ons ee oO 
[dco nGs5e See ee ulm wey oe sy ae ci iar Be 
Siacsipstoccesgmnes —- 10 |+ 20 + 20 — To > LMEY, — 14 
Oia tee ss — 36 - 6") |\ =F F300 | see 10) | se ar SUR Sf 
LOW arcisceteeiee — «12 + 14 + 15 + 9 + 16 + 7 
Tes eect scene — 30 — I2 + 19 + 25 + 25 + 18 
BQ ets rarseeene — «38 | + 44+ 371+ 3 SP ty ° 
TB isre oie ealala = eee mest gre ce ilar sh ae gejkae di 
LA Ree nei — a2 + 18 + at _ £7, + at — 17 
TS csisettoeecs 27, — aI ap Se =- On | lt st ere 
TOSS cde _ 20 — 28 + 32 + 1 + 30 | ls 
7 Seana ers rerset — 10 — 30 + 24 + 20 + 23 + a1 
TS Sees cheer + 26 _ 7 _ IO + 26 _ 13 + (25 
TO’ chistes ate + BW or 9 |- 9 |= 3 = 9 = I 
2O ORE Ae + 1 — 30 + a1 + 24 + 24 + a1 
DU yeni ene ae 7 — 8 | + 5 a Ke) || aie 8 a 8 
VA SER IOS c ae bo | oe 4 |- 5 | 3 _ 4 |+ 5 
DA Sen + WwW +- I ae 5 + 417 + 6 + «17 
DAT cat sacl ete nerans TS lier Ee ae a ap yh Se ie + 28 
2D aston itaterair ate q iE 2 | it nn = 7 4 3 
QO canara e ata tts =p Oe _ O |S 53 -—- 12 ap Gf ° 
ON enon ceca aie Ae 3 = uae 3 = @ lee 8 _ 2 
2 OUR Mae Tene - 2 _ 3 ° _ 4 _ I - 4 
BO serscie rain 30 + 18 Se Hite + 29 Sy + 20 

BO va. ses ortepree a OU 32 eer 2 tO =! LO 
BT ars c stasis + AS oaths Oppo 2 tse si Ise ge ice ag 
CS NANT ce —0%043 | +o%010 | +0%042 —oloto | +0041 —ovo12 
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circles; the motion of star 6, which was excluded for comparison 
purposes on account of its considerable proper motion, is indicated 
by a broken line. The scale of the motions is indicated in the 
lower right-hand corner of the plate. 

The internal motions were then resolved into: (a) rotational 
and radial components; (b) components along and at right angles 
to the spiral arms (stream and transverse components). 

The results are given in the fourth, fifth, sixth, and seventh 
columns of Table IT. 

a) The mean rotational component is +0%020+0"002, the mean 
radial component, +-o0”010+0"002. For the points belonging to 
the inner whorls, with a mean distance from the center r=o!7, the 
values are 

Prot. = +0%018 Brad. = + 07007. 


For those in the outer whorls, (r= 2/0) we have 
rot. = +0%022 Krad. = +o%ors. 


b) The mean stream component is +0%021+0%002, the mean 
transverse component, +o0"’cog+o"%o002; the results for the inner 
and the outer whorl separately are: 


Inner whorls stream = +0" 019 Htrans. = +0007. 
Outer whorls stream = +0024 trans, = +0" 012. 


Although in N.G.C. 4736 the whorls are so closely packed and 
so nearly circular that the difference between rotation and stream- 
motion is necessarily small, yet the latter seems to interpret the 
motions a little more satisfactorily than the former. Analogous 
results were found for the other spirals, except that the resemblance 
to stream-motion is considerably stronger in all cases. From the 
material now available it seems therefore necessary to give up the 
idea that the motions found represent a rotation. In my first 
paper on the internal motions in spiralst I computed from the 
rotatory components the possible masses for the spirals; this 
example has later been followed by Lundmark,? McLaughlin,’ and 

t Mt. Wilson Contr., No. 118, 1916; Astrophysical Journal, 44, 210, 1916. 


2 Publications Society of the Pacific, 34, 113, 1922. 
3 Popular Astronomy, 30, 294, 1922. 
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others. Since now, however, it seems necessary to abandon the 
conception that we are dealing with rotation, we must at least 
for the present abstain from deriving conclusions as to the masses 
of the central bodies. 

The problem of the distances of the spiral nebulae has been dis- 
cussed by several astronomers during the last few years, principally 
by Curtis and Lundmark. In his exhaustive study, “The relations 
of the Globular Clusters and Spiral Nebulae to the Stellar System,”* 
Lundmark approaches the subject in not less than nine different 
ways. Some of these are based on the suppos tion that the spirals 
are comparable in size to the Milky Way system or to the Magellanic 
Clouds and thus start from assumptions which we are just trying 
to examine by deriving the r distances. As examples we may quote 
Wolf’s comparison of the caves in the Milky Way and in spiral 
nebulae and the hypothesis that the Magellanic Clouds are spiral 
nebulae. It is true that the large Magellanic Cloud resembles in 
appearance the nebula N.G.C. 4449, but then N.G.C. 4449 is far 
from a typical spiral. Curtis, for instance, describes this object 
as: “A very bright and interesting object, filling a space about 
3'5X2’. It is of exceedingly irregular structure, with many almost 
stellar condensations, and a bright nearly stellar nucleus. Of spiral 
type, as to nebulosity, but with very little evidence of spiral form.” 

Another derivation of the distances of spiral nebulae has been 
based on the appearance of novaein them. Assuming the absolute 
magnitudes of these novae to be the same as those in the Milky 
Way, a parallax can be derived. The assumption, however, that 
the novae in the Milky Way and those in the spirals have the same 
absolute magnitude is open to question. Of the 30 novae, more 
or less, which have been found in spirals, all but two (in N.G.C. 4321) 
appear in spirals showing a large amount of nebulosity. Attention 
has not before been called to this fact; why, for instance, has no 
nova ever been found in M 33, which resembles very much more 
Easton’s structure of the Milky Way than does the Andromeda 
nebula? It is true that there exist a greater number of photo- 
graphs of the Andromeda nebula; but of M 33 the Mount Wilson 

* Dissertation, 1920. The work has been extended in several recent articles in 


the Publications of the Astronomical Society of the Pacific. 
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Observatory has available more than two dozen plates, all of which 
have been examined, principally by Messrs. Duncan and Humason, 
yet not a single nova has, been found, while in the Andromeda 
nebula one in every two or three plates shows the image of a nova. 

Of the other ways of determining the parallaxes of the spiral 
nebulae, the following may be mentioned. 

a) The direct determinations seem to be unsatisfactory; the 
parallaxes derived by Barnard for the Andromeda nebula and by 
van Maanen for three spirals indicate that their parallaxes are 
smaller than the probable errors. This point might have been 
omitted if Bohlint had not recently called attention to the large 
parallax derived by him for the Andromeda nebula, for which 
Barnard found t=o"ooo and van Maanen +0004. Bohlin’s 
measures are based on plates with the 6-inch Steinheil objective of 
the Stockholm Observatory, and it is well known from the researches 
of Kapteyn and others, that on plates taken with the smaller 
instruments, systematic errors of considerable size appear, especially 
if the hour-angles are large. 

b) Star counts by Lundmark in the region of the Andromeda 
nebula show an increase of stars near the center; in M 33 there is 
no indication of an increase or a decrease in the number of stars 
aS we approach the center of the plate. Lundmark concludes 
that these two spirals do not seem to absorb the light of stars as 
faint as magnitudes 16.5 and 15.7, respectively, and derives as a 
minimum parallax 07000360 and 0”000498, respectively. 

c) An ingenious method of determining the parallaxes of spiral 
nebulae was proposed by Jeans.? It is based on the conditions 
necessary for the breaking up of the line elements of the filaments 
thrown off by the nucleus. For M 1or Jeans thus derives a paral- 
lax of o"001. Although no great stress should be laid on this figure, 
it gives an indication of the order of magnitude of the distances. 

d) Curtis has derived the proper motions of many of the spirals 
for whch plates had been taken at the Lick Observatory. In 
his later papers, he does not use these motions, on the supposition 
that they are not real motions but due to the accidental errors of 

t Jubilaums Nummer, Astronomische Nachrichten, 1921. 

2 Problems of Cosmogeny and Stellar Dynamics, p. 217 (1919). 
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the measures. Lately, however, Lundmark has derived the motions 
of several spiral nebulae from the positions given in several cata- 
logues. Comparing his motions with those of Curtis, I find, after 
the necessary corrections for a systematic difference, that they 
agree in sign in 62 per cent of the cases. As, moreover, the twelve 
values derived by van Maanen show an agreement in sign with 
Curtis’ values in not less than 75 per cent of the cases, we must 
come to the conclusion that Curtis’ results are not altogether due 
to the influence of accidental errors. Another point shows this 
too; from the radial velocities we find a relation between the size 
of the spirals and their motion, the smaller spirals having the 
larger motions. The results are given in the second column of 
Table III, while the third column gives the number of objects 
included. As we find an analogous relation for the proper motions, 
which are given in the fourth column, we must conclude that these 
are at least partly real. 


TABLE III 
Diameter Vv n pe nt 
: km/sec 
> LO reer eee ee eens 339 5 0”031 6 
BRITO) icone Srnec dtc ata 474 9 0.032 Io 
SAG a setmstate coe. 9: Sia thas a ore Tae 826 IO 0.041 16) 


If then we use Curtis’ mean motion of 07033 for the 66 largest 
spirals, and compare this value with the mean radial velocity, we 
derive a mean parallax of o"0003. Dr. Lundmark, who has recently 
computed the apices and mean parallaxes derived from Curtis’ 
and his own proper motions, kindly allows me to mention his result 
in advance of publication. Using 800 km/sec. for Campbell’s 
K-term in the solution he finds: 


Mean parallax from 67 motions derived by Curtis, 0” 00010 
Mean parallax from 82 motions derived by Lundmark, o” 00011 


The value of K is as yet very uncertain; smaller values of K will 
give larger parallaxes, and vice versa. 

e) Finally we may compare the internal motions found by 
van Maanen with those derived by spectroscopic means; these 
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amount to a few hundred kilometers per second; the comparison 
yields parallaxes of a few ten-thousandths of a second of arc, giving 
for the diameters of the spirals quantities from 10 to 300 light years. 

Of the methods mentioned above, those under c, d, and e probably 
deserve the most credit. This material does not seem to warrant 
the acceptance of the island-universe theory. It is of course pos- 
sible that later results may contradict this statement; but it seems 
well to point out that the evidence based on the best material at 
present available does not indicate that the spiral nebulae are com- 
parable with our Milky Way system. 


Mount WItson OBSERVATORY 
June 9, 1922 
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A SPECTROSCOPIC METHOD OF DETERMINING THE 
ABSOLUTE MAGNITUDES OF A-TYPE STARS AND 
THE PARALLAXES OF 544 STARS 


By WALTER S. ADAMS anp ALFRED H. JOY 


ABSTRACT 


Spectroscopic method of determining the absolute magnitudes of A-type stars—In 
order to ascertain whether a spectroscopic method could be applied to these stars, 
spectrograms were obtained of nearly all the A-type stars in the Taurus and Ursa 
Major groups, fifty-six in all, whose absolute magnitudes are accurately known. 
The stars were then grouped (a) according to spectral type and (b) according to whether 
the lines were diffuse or sharp. A good correlation between magnitude and spectrum 
was found, the magnitude being brighter the earlier the spectral type and also brighter 
for spectra with sharp lines. The study was then extended to include all A-type stars 
for which both the spectral type and parallax were known, and the same correlation 
was found (see Fig. 1), the average difference being only 0%0077 for eighty-two 
parallaxes determined by group motion, and +o0"”o131 for 104 trigonometric parallaxes. 
The accuracy of parallax determinations by this method for A-type stars is thus of 
the same order as for stars of later types, and the method is evidently capable of 
considerable further refinement. A-type stars having ‘‘c”’ characteristics. such as 
a Cygni, require separate treatment, which may perhaps be based on the intensities 
of the well-known enhanced lines \ 4481 and ) 4233. 

Spectroscopic parallaxes of 544 stars of type B7 to F2, determined on the basis of the 
foregoing results, are given in Table VI. When grouped according to their proper 
motions, the mean parallax of each group is found to increase from o”o11 for p<o’o10 
to 07037 for wabout 072 (Fig. 2). This correlation is a very satisfactory confirmation 
of the accuracy of the method. 


The spectroscopic methods used in the determination of the 
absolute magnitudes of stars of the later spectral types cannot in 
general be applied to those of the A-type of spectrum. With some 
notable exceptions, such as a Cygni and stars of similar spectra 
and those in which certain lines like \X\ 4077, 4216, and 4481 are 
especially strong, the stars of this type do not show the large varia- 
tions in the intensities of the lines which appear in the later types. 
They do, however, show very great differences in the appearance 
of the lines, in some stars such as Sirius the lines being sharp and 
well defined, and in others such as Altair very diffuse and vague. 
The importance of this characteristic will appear in the course of 
the discussion. 

With a view to studying the nature of the spectra of stars of 
this type with known absolute magnitudes, spectrograms were 
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obtained of nearly all the stars of type A which belong to the 
Taurus and the Ursa Major groups. The absolute magnitudes 
of these stars are known with a high degree of accuracy from the 
motions of the groups, and for many of the stars of the latter 
group trigonometric parallaxes are also available. A considerable 
range in absolute magnitude as well as in spectral type is found 
among these stars, and they afford, accordingly, excellent material 
for such an investigation. 

The first step in the study of these spectra, and as it proved the 
most important one, was an accurate classification of spectral type. 
Since the H and K lines of calcium, which form an important 
criterion in the classification of A stars by Miss Cannon and the 
other Harvard observers, are far to one side of the region of best 
definition on our spectrograms and do not appear at all on those 
taken with high dispersion, we have based our classification upon 
the intensities of the metallic arc lines showing in the stellar spectra. 
In this we were aided greatly by the use of the spectra of standard 
stars chosen from among those classified by Dr. Kohlschiitter at 
this Observatory in the years 1912 to 1914. Spectra in which the 
helium lines do not appear and such prominent arc lines as AA 4326 
and 4384 are not present or are extremely faint are called Ao. 
With increasing intensity of the arc lines the stars are classified as 
Ax, A2, A3, etc. When the helium lines Ad 4026 and 4471 are 
just visible, the spectrum is classed as Bo, and when \ 4471 and 
d 4481 are equal, as B8. This system appears to be in good agree- 
ment with that of the Harvard observers and of Kohlschiitter, 
a result which would naturally follow from the use of the standard 
types of the latter to check the results. A comparison of the 
spectral types as determined by Miss Cannon and by Kohlschiitter 
has already been published by the Harvard College Observatory. 

In addition to the symbols indicating the spectral type, the 
letters “‘n” for nebulous and “‘s” for sharp have been appended to 
indicate the character of the spectral lines. Thus the spectrum 
of Sirius is A2s and that of Altair Azn. Stars like a Cygni have 
the ‘“‘c” characteristics noted by the Harvard observers and are 
indicated by cAzs, for example. The lines are always exceptionally 

* Annals of the Harvard College Observatory, 56. 
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sharp and the letter “‘s” is scarcely necessary. These stars are few 
in number and do not enter into the present discussion, but a brief 
.Teference is made to them at a later point. 
If we separate the stars of the Taurus and Ursa Major groups 
into the successive spectral subdivisions obtained in this way, 
we find the results given in Table I. The absolute magnitudes are 


TABLE I 
Boss M Boss M Boss M 
Aon Asn A3s 
3117 +0.6 919 +3.0 1029 +1.3 
3199 sy 1086 ano 2930 0.8 
3752 0.4 
3961 O48 Aon A4s " 
4009 0.6 1025 +3.2 oe ee 
5573 ey 1056 2.8 ecco ae 
Arn 
1024 +1.2 A7n A6és 
1034 1S 892 Spore 1054 +2.1 
1220 0.5 9gt 2.5 
3480 2.1 1022 2.1 A7s 
1058 a2 1092 pees 
Aan 5 3 
3300 2.8 1839) 1.9 
1033 +1.6 
3475 2.3 
1143 22 A8n re 
quae aa TOO. +2.8 E 
A3n ee ee 1114 +2.6 
1026 Seas 1043 3.2 1226 Bday 
1047 By B 2813 Bre 
IO5I 2.8 Fon 5425 1.9 
1087 1.6 935 +3.6 we 
TIQ4 1.6 1040 2.9 G6: igo 
oe 
Aqn 1013 ° 
1027 +2.8 A2s os of 
55 7 
1007 £29 1732 =—-1 53 
I0go 1.6 3363 —O12 Fas 
3382 27 | 3474 =-Ov0 ro18 +2.8 


those given by Rasmuson in his valuable memoir on moving 
clusters,’ but a constant correction of +1.57 magnitudes has been 
applied to reduce to the unit of 10 parsecs instead of that of one 
siriometer as used by him. Six of the stars of the Ursa Major 
group are of type Aon and thus supplement in an important way 
those of the Taurus group which are of a more advanced type on 
the average. 


t Meddelanden frén Lunds Astronomiska Observatorium, Serie II, No. 26. 
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If these results are collected, we obtain the following mean 
absolute magnitudes for the various spectral subdivisions. 


TABLE II 

M No M No 
AON ayn ect +0.9 6 DS er eerston stern: +0.6 3 
AGUS (eo ake I.4 4 ABS orcs honsdaeetote I.0 2 
a lenis Bt BOO DSO 3 INA Sieraaeeterneee Ta 3 
ACTS vemisreroncaone es 1.9 5 Asan esvignae 2a I 
Pah Wea erent 2.2 4 ATS teeter By: 3 
PAG Tis Ae sraves reat 2.9 2 WSS avira enya Dat 4 
PAR Serio «ar 3.0 2 His Seance 3.0 3 
TAU Tien eer .. 2.8 5 Eigse Soe ae 2.8 I 
etal Ursa itor 6 2.8 3 
| Rio) ne eA Pa a BoP 2 


Two conclusions may be drawn from an inspection of these 
results. 

1. A definite progression is shown between absolute magnitude 
and spectral type, the stars of the more advanced types being the 
fainter. The change of absolute magnitude with type is most 
rapid among the earlier A stars and becomes comparatively slight 
in the later types. 

2. The average absolute magnitude of the stars with sharp 
lines is in the case of the earlier A stars considerably brighter than 
that of the stars of the same types with diffuse lines. This difference 
becomes small for the later types. 

The first of these results is in agreement with that found for 
the stars of the Taurus group in the case of the larger spectral 
divisions by Hertzsprung™ and Kohlschiitter,? who showed that for 
the successive spectral types A, F, G, and K the apparent magni- 
tudes, and hence the absolute magnitudes for stars at the same 
distance, become progressively fainter. Without a more accurate 
knowledge of spectral type, however, it has not been possible 
hitherto to establish such a relationship for the subdivisions within 
the A type. 

The second conclusion, that stars with sharp lines are brighter 
than stars of the same type with diffuse lines, is in accord with our 

* Astronomische Nachrichten, 209, 119, 19109. 

2 [bid., 211, 297, 1920. 
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knowledge of stars of the later types of spectrum. Thus the high 
luminosity of the Cepheid variables, the stars with the ‘‘c” charac- 
teristics of spectrum, and Such objects as a Orionis and a Scorpii, 
is always found associated with narrow well-defined spectral lines. 
It is well known that the absorption spectrum of o Ceti changes 
from one with sharp lines at maximum of light to one with vague 
and diffuse lines near minimum. It seems altogether probable, 
as the measurement of stellar diameters has shown in a few cases, 
that the giant stars are large expanded bodies of gas of low density, 
a condition which favors the production of narrow lines, while the 
dwarf stars are smaller, more condensed bodies with atmospheres 
which show a much more rapid density gradient and so produce 
diffuse lines. 

The results for the Taurus and Ursa Major groups proved 
to be of such interest that it seemed desirable to extend the investi- 
gation to include all the A-type stars for which reliable absolute 
magnitudes are available and for which photographs of spectra 
have been secured at Mount Wilson. The material used consists 
of 82 stars with absolute magnitudes derived from group motion 
and 104 stars with trigonometric parallaxes. Some of these are 
common to both lists so that the number of separate stars involved 
is 148. The absolute magnitudes of these stars have been taken 
from the lists of Rasmuson for the Taurus, Ursa Major, Perseus, 
Praesepe, and a Lyrae groups, and a few of his results have been 
included for other stars for which group motion seems to be clearly 
established. The trigonometric parallaxes are mainly from the 
Allegheny, McCormick, Mount Wilson, Sproul, Yale, and Yerkes 
observatories. ‘These stars are all given in the general catalogue, 
Table VI of this article, with the corresponding trigonometric or 
group parallax, and so are not listed separately here. When an 
absolute magnitude has been derived both from group motion 
and from trigonometric parallax the arithmetical mean has been 
used. 

All of these stars were classified independently by Adams and 
Joy, and in Table III are given the results for the two observers, 
collected according to spectral type and mean absolute magni- 
tude. 
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TABLE III 
Joy 

No. M No. 
Se tO 5 | eB OSamat: 3 
28 TOn||\ ATS ere 4 
5 Oy a\ |e osaanrae Io 
II Te Onl PASS ands 8 
3 TeO) || CAASaoe 2 
7 Deal EA SS 4 
14 23 AOS sae 4 
IO Baa \ UA Serer 2 
4 Za eAOS san 4 
9 2 On| WeAGS cere, I 
I XAG ROS & 6 aril Conte 
2s 2UO a Westerns 4 
sehetaleellenetensiere B2Ss 2 os 2 

2 3.0 


ADAMS 
M No. 
=O. 4 
+0.6 4 
0.9 9 
I.4 4 
1.7 4 
2.0 3 
2.0 3 
2.9 2 
2.3 3 
3.8 I 
Riel Pa agers 6 
2:50 I 
aa 2 


HNWNHWHNHOHNHHOOO 
PhONO OWNPH AN DAO 


These results, although showing considerable variation in the 


number of stars of each subdivision as classified by the two observers, 
are in good agreement as regards the mean absolute magnitude 
for groups containing a fair number of stars. Most of the differences 
in classification represent variations of one or two subdivisions, as, 
for example, at Aon where several stars classified by Joy as of this 
type are called Bon by Adams. — 


TABLE IV 
ADAMS Joy ADAMS Joy 

No. M No. M No. M No. M 
PS Oleeeir 12 |+0.58 5 |+o.5 IBOsup an 3 |-—o.1 4 |+o.1 
Aon 16 0.87 33 ONO 2m AT Sseetere 4 |+0.6 4 0.5 
LTD so pase 15 Te BA° lisa wcns [eaayete oes A2.5s 18 DiskS 13 0.99 
A2.5n 23 LOO) | aera 1.85 || A4.s5s 6 9 7 1.8 
Aq4.5n. 20 2.14 21 2220) \|\WA7Saanee “10 2.20 8 1.8 
A6.5n. 9 Qe 14 2200 | MENT Sin esere en tape | Mee are Io Py 
ASH See, eel ee tee Io 2208%)||\ Migs. 7 PAY a eR (ES Sik 
INOTBY Soc bs 6 PLC ieall Iey onal hin aes 
1 Dag Waramrarenl atic. | (Bsae is ac 4 2.9 


In order to facilitate the plotting of these quantities and partially 
to equalize the weights, the values have been further combined to 
form the mean results given in Table IV. 
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The curves plotted from these results are shown in Figure 1, 
and from these curves the values corresponding to each spectral 
subdivision have been determined as shown in Table V. Under 
O—C is given the difference between the values of the absolute 


Bais Ao ApserAq VAG) VAR Mito) he 


Fic. 1.—Curves showing the relationship between average absolute magnitude 
and spectral type for stars with parallaxes determined trigonometrically or from 
group motion. The points indicate groups of stars with diffuse (7) lines, the crosses 
sharp (s) lines. The curves on the left are for Adams, those on the right for Joy. 


TABLE V 
ApAmMs Joy ADAMS Joy 

M |}O-Cj| No M |O-C] No M |O-C| No M |O-C]| No 
Bie Gia hal+-O 22 Vo pie cve.< fice ees CeO ele apts eats BSS ices O08 Nac an eelacees OOS Mia tasnil outs 
Bon.. °.6 0.0] 12 |+0.5 0.0 5 Bos....|—o.2 |+o.1 3 |—o.2 |+o.2 4 
Aon 0.9 0.0 | 16 0.9 |+o.1 | 28 Asuna -kOnadlnicaccelaevas Sy ee tel Cet eS 
Arn. 3 0.0 | 15 1.3 |—0.6 5 Ars... 0.6 0.0 4 0.5 |+o.1 4 
A2n.. 1.7 |+0.4 | 12 1.7 |+o.2 | 11 Azs 1.0 |—o.1 | 10 0.8 |—o.1 9 
A3n. 2.0 |—o.1 | 11 1.9 |—0.3 3 Ag3s. 1.3 |+o.1 8 1.2 |+o0.4 4 
Agn. 2.2 |—o.1 | 13 a2 0.0 7 Ags 1.7 0.0 2 I.5 |+0.6 4 
Asn 2.3 0.0 hf 2.3 0.0 | 14 Ass 1.9 |+o.1 4 1.7 |—0.3 3 
A6n. 2.5 |+o.1 6 2.4 |—o.1 | Io Aés 2.2 |—0.2 4 2.0 |—1.5 3 
A7n 2.7 |+0.3 3 2.6 |—0.4 4 A7js 2.3 |+0.6 2 2.2 |+0.1 2 
A8n. 2.8 0.0 2 2.7 |—o.1 9 A&gs 2.4 |—o.1 4 2.4 |+0.4 3 
Aon. 2.8 |—o.1 3 2.7 |+0.9 I Ags 2.5 |+1.3 I 2.6 |+0.4 I 
Fon BU oe Acie || See ee 2.8 |+o.1 2 Fos EA) Bean Metre 2.7 |—0.2 6 
Fin rela Seine Mean a 2 abil veteetalleriaet Fis 2.7 |—0.7 4 2.8 |+0.2 I 
Fan 3.1 |+0.5 I 2.9 |+o.1 2 F2s 2.8 |+0.6 2 2.8 |—0.4 2 


magnitudes of Table III and those obtained from these curves. 
Tn other words, it shows to what extent the mean observed absolute 
magnitudes may be represented by a relationship based simply 
upon spectral type and the character of the spectral lines. 
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This comparison shows clearly that the relationship between 
absolute magnitude and spectral type may be used to determine 
the mean absolute magnitudes of these groups of stars with a very 
satisfactory degree of accuracy. Since a large amount of the 
material consists of absolute magnitudes derived from the trigono- 
metric parallaxes of stars which do not belong to recognized clusters, 
we may draw the important conclusion that this same relationship 
may be applied to A-type stars in general, as well as to such groups 
as those of Taurus and Ursa Major. 

The vital question as to the application of this method to the 
case of individual stars is the next to be considered. If it can be 
so applied, it involves the conclusion that there is no dispersion 
in absolute magnitude among A-type stars which have very closely 
the same spectral type and the same spectral characteristics. 
This conclusion is perhaps not so radical as it appears at first, since 
the definition of spectral type and line-characteristics, if carried to 
extreme limits, might well serve to define the absolute magnitude 
of a star uniquely. Among stars of the M type, for example, the 
absolute magnitudes are determined by the relative intensities of 
certain pairs of lines. If these lines were used to define the spectral 
type, the latter could be used equally well to determine the absolute 
magnitude. With a few striking exceptions, such as the A-type 
companion of o? Eridani and some other stars to which reference 
will be made later, the A-type stars in general appear to be giant 
stars with no very wide dispersion in absolute magnitude. Within 
these limits, accordingly, it is quite conceivable that an accurate 
determination of the spectral characteristics might define the 
absolute magnitude. 

The investigation of this question has been made in three ways: 

1. Direct comparison with individual group parallaxes. 

2. Direct comparison with individual trigonometric parallaxes. 

3. Comparison of the average parallaxes and the average proper 
motion of 544 stars. 

Since the results for the individual stars are all given in the 
catalogue appearing as Table VI, it seems unnecessary to repeat 
them here. The absolute magnitudes have all been determined 
by two independent observers and the parallaxes have then been 
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combined. To illustrate: the spectral type of Boss 3474 (¢ Ursae 
Majoris} as determined by Adams is Azs and by Joy A3s. Re- 
ferring to Table V we find for these types the values ++1.0 and 
+1.2 for the absolute magnitude. Combining with the apparent 
magnitude 2.4, we derive the parallaxes 0052 and 0’057, or 07054 
in the mean. Summarizing the results obtained in this way for 
82 stars in Table VI with parallaxes derived from group motion, 
and 104 stars with trigonometric parallaxes, we secure the following 
comparison: 


Group parallaxes: 82 stars; systematic difference, —0o”o0or4; 
Average difference, 070077. 


Trigonometric paraliaxes: 104 stars; systematic difference, 0”0000; 
Average difference, =070131. 


These results compare very favorably with those obtained in — 
the case of the later-type stars where the average difference between 
spectroscopic and trigonometric parallaxes is =o7or5. 

The agreement with the group parallaxes could, of course, be 
improved by a very slight readjustment of our reduction curves, 
but it has seemed preferable not to assign too great weight to these 
stars, both on account of the uncertainty still outstanding in the 
parallax of the Taurus group and because they represent a special 
selection of stars, while the trigonometric parallaxes are more 
representative of stars in general. 

It is of interest to call attention to the results for the three most 
prominent stars in the list, Sirius (Boss 1732), Vega (Boss 4722), and 
Altair (Boss 5062). All three have well-determined trigonometric 
parallaxes, and in addition Sirius and Vega belong to recognized 
stellar groups and their parallaxes have been derived from group 
motion. The spectral types of these stars have been determined 
as Azs, Ars, and Azn, which give absolute magnitudes of +0.9, 
+o0.55, and +1.7, and parallaxes of 07316, 07123, and o”145, 
respectively. The trigonometric parallaxes are 07374, o’110, and 
0”205, which correspond to absolute magnitudes of +1.3, +0.3, 
and +2.5. The group motion gives a parallax of o”380 for Sirius 
and o”104 for Vega. The correction of +0.4 to the spectroscopic 
absolute magnitude of Sirius required to bring it into agreement 
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with observation is not excessive, and a change of type from Azs 
to A3s would account for nearly the entire difference. In the case 
of Altair, the correction of +-0.8 magnitude is larger than would 
be expected, but it may find its explanation in the well-known fact 
that the spectral lines in this star are extraordinarily diffuse. 
In such cases the absolute magnitude may prove to be fainter than 
that of stars with the usual “‘n” characteristics, and further refine- 
ment of the method may show that these stars require separate 
treatment. 

This method of determining parallaxes has been applied to the 
544 stars listed in Table VI. In order to condense the results the 
separate determinations of the absolute magnitudes and parallaxes 
by the two observers have been combined. As a result, this makes 
a slight apparent discrepancy in a few cases between the absolute 
magnitude and the corresponding parallax. Since all of the stars 

‘in Table VI are designated by their numbers in Boss’s Catalogue, 
it has not seemed necessary to add their positions. The successive 
columns of Table VI, therefore, give the Boss number, the apparent 
visual magnitude on the Harvard system,’ the proper motion accord- 
ing to Boss, the spectral types by Adams and Joy, respectively, 
the mean of the absolute magnitudes, and the mean of the corre- 
sponding parallaxes. The parallaxes as derived from group motion, 
the trigonometric parallaxes, and the sources for both are added in 
the last three columns. The following letters are used to indicate 
the principal authorities for the trigonometric parallaxes: A, 
Allegheny; F, Flint; M, McCormick; S, Sproul; W, Mount 
Wilson; Y, Yale; Ye, Yerkes. 

The third test of the applicability of the method to A-type 
stars consists in a comparison between the average of the proper 
motions and the average of the parallaxes of the stars in Table VI. 
With the large number of stars available, this comparison should 
prove especially valuable. The stars have been divided into groups 
according to their proper motions, with the limits indicated. The 


*In the case of visual binaries the values of m refer to the brighter component. 
In the case of spectroscopic binaries, however, owing to the uncertainty in the relative 
brightness of the components it has seemed to us preferable for the present to leave 
the magnitudes without correction. 
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TABLE VI 
SPECTRUM 
a 4 Spectr. | Group] Tric. 
Boss m Bw M = es ie AUTH. 
A. Aj 
2 of213 | Arn Aon ToD [502 
4 0.052 | Arn Aon Pe leon 
eS 0.081 | Aon Arn Xt) |\:0. 
-© | 0.028 | Bos B8n |—o.1 |] o. 
.6 o.ors | Byn Bon 0.2] 0. 
-4 | 0.016 | Bon Aon 0.8 | o. 
.2 0.039 } Ain Aj3n PREM CON 
7s 0.027 | Azs A3s Tot) | Ov 
4 0.022 | Bos Aon 0.4 | 0. 
8 2.006 | A2zn AIs DeDiox 
-4 | 0.014 | Bos Aos 0.0 | 0, 
xe) o.006 | Agn Ain EO 10; 
xe) 0.024 | Aas A7s 2.0 | 0. 
aS 0.030 | Bos Aos 0.0 | o. 
7 o.or8 | Bon Bon Ou6) 03 
af 0.326 | A8n A8n 2.8] 0. 
3 o.o10 | B8s B8s —o.6 jo. 
5 0.038 | Bos Bos =0.2 | 9.007 | o%0r0 |... .20 0 Perseus 
.8 | 0.028 | Azsp | Bos O04: |) Os 
a | 0.008 | Aon Aon °.9 | o. 
as 0.056 | Arn A2n E.5 |HO. 
8 0.306 | Ajgn A3n 2.0] 0. 
8 0.025 | Bon Aon 0.8 | Ox WwW 
2 o.orr | Bon Aon 0.8 | o. 
4 0.053 | Bos Bos —o.2]|0. Perseus 
Xe) o.oro | B8s B8s —o.6]o0. 
-7 | 0.061 | Ags Asn 2.0 | 0. S, Ye 
at 0.045 | Arn Aon i,r 10. 
<2 0.042 | Ajgn Aon Z.0> || O\ 
4 0.023 | Aan Arn Poel oor 
4 0.072 | Bon Aon 0.8] o. 009) || A, FS; ¥ 
J 0.035 | Aon Ain See gal tio} 
me 0.035 | Aon Aon O01 | Or 
7 o.o15 | Aon Aon 0.0) |/"O: 
ae 0.058 | Arn Bon 0.9] 0. 
a3 o.or2 | Ags AIs 0.9 | 0. 
-9 0.128 | Aos Fos 2.6} 0. 
8 0.015 | A3s A4s ao a io 
-9 0.027 | Bon Bon 0.6 | o. 
.8 | 0.076 | Ags A3sp I.4 | 0. Urs. Maj. 
ag 0.040 | Aas 38 TARE NO. 
7 o.21r0 | Aon Aon 0:0) [LO o49 | A, M, Y, Ye 
2S 0.213 | Agn Asn Ze 2 ||5O2030)iillarereveveiete 10,022 
aS 0.054 | Aon Arn Eek} Ox 
aE! 0.017 | A3s A2s £0) ||| Ox S 
6 0.017 | A3s A2s Lio! | On 
ae 0.017 | Bon Bon 0.6 | 0. 
“0 o.o14 | Ass s E07 | ©. 
2 0.150 | Aon A3n Teslo. 
.8 | 0.006 | Ars Aos 0.4] 0. 
6 0.038 | Bon Bon OG |O7;0FO! 0.1009) |||fer1a0r0 Perseus 
6 o.o19 | Bon Aon O28) || /;OROLO)||Pecareias| ereererele 
ris 0.083 | A3n Aon BEAN COnO22: Warten erectile ciesiets 
8 0.018 | Aon Aon era InClovey fall low cceomial rar aeesc 
s 0.039 | Azs A2s O20) On OL" Il Jeteiste-e oil erssae wee 
me) 0.058 | Arn Aon Eick] OvOEO flaw vn ented cane 
xe) o.or1r | Ars Aos OeAM OVOOS: We ss-<:c0| wiuea ware 
.0 0.033 | Aon Aon O20 il) OnOLS) Ios tererw hall ereke wus ese 
6 o.or7 | Ain A2n £8 OO OM atcote: ce acoarinnetevs 
<= o.o2t | B&n Bon Ow Aral Ore Omar |tcrarain noi] araiere sere 
a 0.040 | B&8n Bon O80) |) 6x08! 1110), 000) Ills ere ures Perseus 
6 0.032 | Bon Aon 0.8 || OnOzO: | 05008) |i. casa Perseus 
.6 0.055 | Ags Ass D7) | O.0D7 |\(OFOL3) heen vce Perseus 
7 0.020 | Ags Asn ZO OhOUa Warren ariel levees siete 
I 0.042 | Ain Ain Tosa LOVOL Mee lear scs | tesa 
6.0 | 0.147 | A7n A7n 2.0 | 0,022"| 0.028 |......- Taurus 
xe) 0.005 | Bon Bon O46. WOOL Naceiev cra pedcslanaie 
23 0.039 | B&n Bon Ord. | <OvOLO +] <O2000) |e neue Perseus 
aIOaS 0.034 | Aon Aon ONO [MOLOOST cates 0.005 | M 
8 0.141 | Asn Asn Z23i 5 OLO20) || OLO29iN|eiaiaieiiare yenaneas 
a a a Ne ae ec, 2 ee 


dS 
oo 
w 


12 WALTER S. ADAMS AND ALFRED H. JOY 


TABLE VI—Continued 


eee 
—————————— a 


SPECTRUM ; é T 
, up| Tric. 
Boss m I i ik “es ae Ps AvTH 
A. J 

Sas o”159 | Fan Aon 2.9 | 0%030 Taurus 
Soe 0.143 | Fis Fis 2.8 | 0.026 Taurus 
SE 0.004 | Arn Aon I.1 | 0.015 
4.8 0.066 | Ass Ags 1.8 | 0.025 
i) o.112 | A&n Aon 2.6 | 0.025 Taurus 
5.4 0.064 | Ars Aos 0.4 | 0.010 
5.6 | o.12z | A6n Fon 2.6 | 0.026 Taurus 
ies 0.116 | Aon A8n 2.8 | 0.031 Taurus 
BS 0.043 | Arn Aon I.I | 0.014 
5.8 | 0.118 | Firs Fis 2.8 | 0.024 Taurus 
ae al kacoyen seve Va at F3s 2.8 | 0.026 Taurus 
4.8 | 0.124 | A6n A8s 2.4 | 0.034 Taurus 
5.8 0.029 | Azn A3n 2.0 | 0.017 , 

$O2M soca nrcre 5x2 0.072 | Arn Aon IX | 0.0164 0. Urs. Maj., M 
6.0 0.123 | Asn A6én 2 «A || 0.018 (0.629) ewes Taurus 
4.4 o.112 | A3s Agn T3841! ©5030 0.025) fae nuinicee Taurus 
Suh 0.132 | A3gjn Asn Bok |-O-022 101030 4iver. se Taurus 
4.2 0.109 | A3s Aas ZA | 0.028: |) 0.096 |. .24- Taurus 
4.4 0.123 | A2zn A3n D594] ©2030 |.0.028 Mines vee Taurus 
4.6 | 0.118 | Aon A2n X31] 10-022 |107628: Heoereet Taurus 
5.7 o.118 | Aon Fon 21S i 'On020 || 102027 il jen cretee Taurus 
6.0 | o.r1r | A8n A8n 2:81 ©1622 ||"O4027 laser ee Taurus 
3.6 0.107 | A3s A6os 1.6 10.042 | 0.026 |a4 w.c5 Taurus 
Bet o.r1z | Agn Aqgn 2.0 || O.024 | (0.025. Nie increase Taurus 
ei o.106 | Ajgn Aqgn 2.1 | 0.019 |(0.026))....... Taurus 
4.8 0.116 | Ass A7s 2 101\|' 107028 10.020 Wi vane oc Taurus 
5.5 0.110 | Fis Fos Zin NN 102027, |\(OLO2Om| stoi sta state Taurus 
BS o.r10 | Asn A8n 255) 2025" N\s0);,028 | seis aera Taurus 
6.0 0.109 | Asn A&n 2 550}, OcO20 I OnO2S ale acrolere Taurus 
6.1 0.007 | A3s Ass £514| Oc 02. ree ges allammcrears 
5.9 0.029 | A2s Bos OSA ONCOS I Worras.< clitetameters 
4.8 o.104 | A2n Asn 2 10 |} 102028 07027) Wevom meres Taurus 
5.8 0.028 | A3s A4s Ti. 5A|MOMOLA cigessis satires 
4.4 | 0.066 | A3s Aos OES \O'LOFO i eremroarclfinearel cree 
ashe) 0.094 | Agn Aon 243) AOL O20: 20. O25 alisctclaevee Taurus 
Aad o.104 | Ajgn Aqgn ZT MnOcOgO. 1hO-O26) |minae crore Taurus 
es 0.067 | Ags Aon 230) 0.622: Merwis.c ee es oo 
5.2 0.074 | Aas A6os TS MO.696. Wi waren dee ones 
4.9 0.084 | Agn Asn Z2 | OxO2S NOrO2s Ndeteert Taurus 
5.6 0.082 | Ass A8s 2 52'||| ©:0201\.02023 eens Taurus 
5.7 0.053 | Bon Aon O28} O- O10 Ono 2) eens Perseus 
5.0 | 0.046 | Ags Ags Tel OLO22" |] etoeters llenrrecya ets 
Ce 0.027 | Bon Aon POS LU GLEES Saiee elites 
ee 0.061 | Aon Aon O30 ||| O-VOREaL O.0L6: Wea. sco Perseus 
5.2 | 0.067 | Aon Aon O91 | 10 OLA INOLOLO: fae waicie Perseus 
7.2 0.047 | Ain Aon Din. OOOO Mioetacatciers —o.014| S 
5.4 | 0.008 | A8s A8n 2.6) | 02027) NLOLO20) Lares oe Taurus 
5.7 0.052 | Ain Ain T 30 | OSOFS: chen: silage meee 
5.4 0.066 | A7s A7s 2.2 | 0.024 |(0.020)]....... Taurus 
5.I | o.o9r | A2n A2n T7a|| 0.02% I, ©5026. eaemens Taurus 
BRO 0.013 | A2n Aos TONS! OL 2 dee cierelererectones 
5.6 ©o.007 | Ain Aon ESTA MO. OLS: tleevereseecol| veo 
5.8 0.010 | As AIs O289| OL OLO Mee eRe emi 
4.4 ©.or2 | Ags A2s OO NOnO2OHhe. oe eoleriners 
4-7 o.145 | Arn Aon PsTMkO..OTO Weenie ares 
Brg. 0.024 | Bon Bos O//29 | O-,OOS Meine ssierell pareeheere 
5.6 0.067 | Azs Aeon BIA MI OLOLAuilvee soc aoe tee 
6.0 | 0.013 | Fis F2s BES 10.0227 ty aera ©.002 | W 
4.7. | 0.082 | Ajgn Aan 2).2 | 05030) | (O.024)|t eee « Taurus 
2.9 o.1r8 | Arn Aan TVS s|NO!.OG2 11'(O.cOS 3) herein Urs. Maj 
5-4 | 0.074 | A7s Fos 25a OcO201| (ORO2ON| meres Taurus 
6.2 0.016 | A2s AIs OFSui| (O-OOS,iileeraenecal eerie 
6.5 o.org | Agn Ass 230 (OL OLR ene sree even reners 
5.7 0.003 | Arn A2s TO! |) VOLT Hate ols eee oe 
Aan 0.020 | Bos Bon Op ah hi OsOL2. MW itopone et aereipee ts 
5.9 o.or5 | Bon Bos ON2 170), OOS: aeverteree Sabres 
Bab] o.o1g | Bos Bos Eos d | Incoyaovoy fall rns esi’ la coos 
Ras 0.031 | Aon Bon 7) ||| Oc OLE MN hsnewus nclllaeneberers 

To 2Onne ee 5.9 0.039 | Bon Aon O13) [OE OLO Wieaeeen cre ll net eile 

SOO Hie c || 7) 0.005 | Bos Bon Oii2 hfs COM aN Sfonsrarere tell crotatetehete 
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TABLE ViI—Continued 


SPECTRUM 
ees Sele: Sprecr. | Group] Tric. 
Boss m B M = on = AUTH. 
A. ilk 
5-6 | o%016 | A7zs Fon 246) |G 1625 
-5 | 0.009 | A2s A2s 0.9 | o. A 
-7 | 0.059 | Arn Aon ToT} 0% 
-5 | o.or0 | Fos Fos 2208 |kor 
-4 | 0.007 | Aan Aeon £27 | oe 
.0 | 0.024 | Ass Aas ri] Ox 
-9 | o.o1r4 | A2s Aon tea cos 
-8 | 0.047 | Aonp | Aznp raya (Bek Urs. Maj., F, J, M 
<7 \-o.tos | Ags Is O107 | Ox A 
-3 | 9.021 | BSn Bos O06. 
-4 | 0.017 | Bos Bos —o.2]0. 
-4 | 0.022 | Aas A4s T.2 } 0. M 
-2 | 0.006 | Arn Ain P34} 0% 
-5 | o.o2t | A7s A6s 2.2 | 0. 
-8 | 0.035 | Azsp | A6sp rey dal (eke 
-8 | o.or3 | Arn os 0.8 | o. 
-6 | 0.620 | Fas F3n 20: I On G, 
-9 | 0.065 | Azs A2s 0.9 | 0. F, Ye 
-3 | o.ors | Arn Aon be gall Peco 
-6 | 1.316 | Ags A2s 0.9 | o. Urs. Maj., F, Gill, Ye 
-7 | 0.023 | Bos Bos —o.2 |] 0. 
.8 | o.r12 | Agn Asn 2.2]0. A 
.8 | o.orr | Bon Aon 0.8 | o. 
-6 | 0.068 | Aan Ain ree | [Eos A 
-3 | o.o1r | Aos A8s 2.4] 0. 
-6 | 0.036 | Aén A6n 2.4 | 0. 
-5 | 0.025 | Azgn Aon 2.2 ]|0. A, M 
-4 | 0.048 | Azgn A8n 2A | 0: A 
-5 | 0.029 | Aon Aon 0.9 | o. A 
-3 | 0.028 | Arn A3n 1.6 | 0. 
.2 | 0.236 | Ass Aas 1.7 | 0. A, Jo,M 
.0 | 0.067 | Arn A3n £30'1 O. 
.I | 0.029 | Aon Aon 0.9 | Oo. 
.o | 0.203 | Azs A3s LE 10. A, M, et al. 
.8 | 0.016 | Bon Aon O78 On 
.3 | 0.027 | Bon Aon 0.8 ]o. 
-I | 0.017 | A7n A6én 2.010. 
.2 | 0.020 | A7n A8n 2.7 | 0. 
.o | 0.047 | Aon Ain Tek! pO. 
.2 | 0.017 | Arn Ain TisQa|Ox 
-9 | o.orr | Aon Aon 0.9 | o. 
-4 | 0.017 | Ags A4n 2.0] 0. 
-5 | 0.005 | Aj3n A3n 2.0] 0. 
-0 | 0.071 | Aon Aon 0.9 | 0. 
.3 | o.orr | Arn A2n 72510. 
-3 | o.orr | Azn A2n BA Oe 
.4 | 0.070 | A6s Aés 2.2 [Os 
.6 | 0.027 | Azs A6s r8 1. 
.2 | 0.074 | Bon Aon 0.8 | 0. 
-7 | 0.036 | Agn Asn 2.2] 0. Praesepe 
.5 | 0.036 | Azs Azn Ti 4 ies Praesepe 
.3 | 0.036 | A6n A6én 2.4] 0. Praesepe 
.7 | 0.021 | Aan A7n QAO: 
.8 | 0.041 | Aés Aos 220. Praesepe 
.7 | 0.011 | Ass Aon 22 o. 
.0 | 0.005 | Azgn Ain r.6]o. 
.7 | 0.098 | Aon Aon 0.9 | Oo. 
.2 | 0.046 | Bon Aon 0.8} o. 
.7 | 0.045 | A5n Ass 2.0] 0. 
.2 | 0.062 | A3s Asn L1Os\|' Or 
.I | 0.502 | Aqn Agn 2 2NOr 0.090] Ab, F, Y 
.3 | 0.054 | Ags Ass Typ || (oye 
.8 | 0.007 | A2n Aeon Tay hs 
-7 | 0.004 | A2n Aon 1.30). 
.7 | 0.073 | Bon Aon 0.8] o. 
.3 | 0.008 | Arn Aon £2 ba. 
.5 | 0.134 | A8s Fos 2.6] 0. 
.9 | o.t00 | Agn Aan 2.20) |On 
.3 | 0.052 | Ars A2s On7 a On 
.9 | 0.086 | Arn Aon Let Ox 
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TABLE ViI—Continued 
—————————————————————————— oO 


SPECTRUM 
Spectr. | Group} Tric. AUTH. 
Boss m rm M Be es a 
A. | 
8 | 07338 | Ain Ain TG o17|} A 
7. 0.022 | Ars A3s 0.9 
s 0.040 | Bon Aos 0.4 
if 0.058 | Azn Asn 2.0 
.o | 0.137 | Bon Bon 0.6 A,M 
.8 | 0.117 | Aqn A6én 2.3 A 
6 0.073 | Bon Bon 0.6 
2 0.042 | Arn Ain r.3 Praesepe 
+2 0.020 | Asn Aon 2.4 
Si 0.029 | Agn Ajn 2.0 
.9 | 0.330 | Aqn A7n 2.4 
.o | 0.049 | Fis Fis 2.8 Praesepe 
.0 | 0,009 | Ais A3s °.9 
a | 0.033 | Azgn Aqn 2.1 
23 0.194 | Asn A7s 2.2 
9 0.204 | Ars AIs 0.6 A, Ye 
8 0.076 | Aon Bon 0.8 
35 0.054 | A2n Aj3n 1.8 
3 0.247 | Bon Bon 0.4 a6 
Be o.o21 | Arn Aon Lk 
v4 0.074 | Bon Bon 0.6 
7, 0.090 | Agn A3n 2.0 a Lyrae 
8 0.065 | Arn A2n £.5 
77 o.oor | Arn Aon Pe 
-6 | 0.130 | Azn A2n Key 
8 0.027 | Arn A3n 1.6 
8 0.107 | Fis A8s 2.6 
8 o.102 | Arn Aeon ts 
9 0.014 | A3s A2s I.0 
-9 o.orr | Azs Ais 0.8 
.2 0.052 | Aon Aon 0.9 
78 0.048 | B8n B8n o.1 
8 o.or5 | Aon Aon °.9 
8 o.141 | Agn Aqgn 2.2 A 
6 0.040 | Bon Aon 0.8 
2 0.074 | A&s A8s 2.4 Urs. Maj., A 
nS 0.050 | Fos F3s 2.8 
9 0.013 | Bon Aon 0.8 
a3 0.289 | Aén Fos 2.6 A, Jo 
-4 | 0.049 | Bon Aon 0.8 
at 0.021 | Agn A3s 1.6 
ais 0.077 | Bon Aon 0.8 
-4 | 0.089 | A3s A2s I.0 Urs. Maj. 
a o.o71 | Agn A2n 1.8 
4 0.004 | A3s A2s I.0 
6 0.004 | A3s Aen 5 
6 | 0.207 | Agn A2n E.7 Urs. Maj. 
4 0.106 | A2s Az2s 0.9 A 
8 o.102 | Aon Ars 0.7 
ot ©.095 | Bos Bos —0.2 
ae 0.052 | Bon Aon 0.8 
4 0.035 | Arn Aj3n 1.6 
8 0.061 | Bon Aon 0.8 a Lyrae 
-5 | 0.154 | Aqn A3n 2.0 
at 0.068 | Arn Ae2n I.5 
2 0.050 | Arn Aos 0.8 
2 o.5rr | Azn Aan 7, Bon 
-5 | 0.094 | Aon Aon 0.9 Urs. Maj., F, M 
-5 | 0.009 | Arn Aon Tee 
Biss 0.025 | A3s A3s I.2 
5 o.323 | Aés A6s 2.1 A 
© | 0.044 | A7s A7s 2.2 
My o.org | Arn Ats 0.9 
8 0.006 | Fis A8s 2.6 
8 0.096 | A7s A8s 2.4 
4 0.110 | Aon Aon 0.9 Urs. Maj 
-9 | 0.030 | Arn Aa2n te5 
Be) 0.038 | A8s A8s 2.4 
3 0.067 | Fon Aon 2.6 
Ke) 0.084 | Aén Asn 2.4 
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TABLE VI—Continued 


SPECTRUM 
See ee eee iy Spectr. | Group} Tric. 
Boss m Lu é M 2 =e pes AUTH. 
A. Si 
a 07033 | A3s Ags TO OrOLOu acon al neni 
3 0.251 | Bon Aon Ors! [MOLO3d. Vegaecie 01026] Ye 
PY | 0.060 | Arn Arn ENS (QrOSS Uoeea aed emen ote 
4 0.020 | A3s Ags TsO: | O,O84 few mece tlwanaces 
.I 0.023 | Ags Ags DEO OKO! “lhavear silaee nate 
4 0.084 | Bon Bon OO il ©, OLO: faves ciesellicietawierete 
7 o.org | Ass Ags Us PMOCOLOwhawen. felipe enone 
-9 o.o4o | Aon Arn Dinds |COLODE sliteey Men are ove were 
-9 0.135 | Bon Bon OnOU LOLOL la artn eral linenerits 
a 0.078 | Bon Bon OrvGL|BOSOLO donatanrciles oeates 
2 o.1t2 | Aén Aqan BEE OSODY. Welt teverets | avasesenene 
ie) 0.054 | Aon Ain Dds WO OLO |e ences savoreh ces 
8 0.022 | Azgn A4n BoE NKOsOUS: lence, wee liceee eee 
4 0.068 | Aon Aon OwOy | -OeOOS saree vitae ere 
uo o.o5r | Aon Bon One OL ONS: Whee ser susts || iarecret ers 
-2 0.055 | A8s Aon BB | OROLS =| Gecenceissell wares 
& 0.095 | Aon Aon oPceWm Wi oserey Comms Maye aera A Ree eran 
me) o.ror | Aon Aon Os |KOsOEO: | es ssawallh ween 
a 0.067 | A7n A7n 20 | OwOTS' | (OFOTO! | eens ae Urs. Maj. 
J 0.115 | A2s A2s O-9) 10.000) |O.042 |i ences Urs. Maj. 
-9 0.237 | Ars Als OvG WeOsOse eee ee. 0.044] Ye 
ae) o.ror | Aqgn Asn 2.2 | 0.030 | 0.036 0.031] Urs. Maj., A 
LE 0.027 | Bon Bon On'Oy, [OROLD: | eecmy.daeel lean ee 
4 0.057 | A2s A2s O.0) 10.080 igesee. o.o11] M 
8 0.039 | Arn Ain TsulOLOOS WSccvre stirei| cereeresers 
.2 0.039 | Arn A3n 0 | O.008 foeantcel sete wae 
me) 0.080 | Ass Ass DES NOLO: Nets arate |arcicterceete 
art 0.130 | Azs A3s I.I | 0.054 | 0.044 ©.049| Urs. Maj., F, M, Pe, Y 
Me) 0.136 | A8s Ass 2.0 | 0.052 | 0.046 o.022| Urs. Maj., M 
8 o.or4 | Azs A2s Fd Mi GOES Vimaiistas teraeanels 
Mo) 0.123 | Arn Aon I.I | 0.026 | 0.042 0.037] Urs. Maj., A, M 
-9 0.052 | A3s Ass I.5 | 0.021 | 0.014 o.028] Urs. Maj., 
a 0.067 | Ars A2n TZ} LOGOTON mretirere. | seeeen eters 
me) o.10o4 | Arn Aan die Sel LOwOoM {ll tesco 0.052] S 
ne o.1r2 | A7n Asn Sa OnOU Om artes o.ors| A, M, S, Ye 
7 0.060 | Bon Aon Ose Oy 
4 0.055 | Aos Ars 0.4] 0. 
<2 0.053 | Bon Aon O28 |) .©. 
6 0.033 | Azn Aen Dey non 
me) 0.038 | Arn A3n $26) Oi. 
3 0.032 | Arn Aon T.¥) 100s 
.6 0.065 | Ags F2s 2.6] 0. 
.6 0.044 | Aon Bon 0.7 | oO. 
6 0.067 Asn Doe i Or 
8 0.055 | Ass Asn 2.1} 0. 
ES 0.238 | Ain Aon Th | Op 
FB 0.070 | A3s A3s 5 otal roy 
Re) 0.030 | Aon Aon O89) | On 
az 0.072 | Bon Aon Ono Gs 
4 0.072 | Fos Fen 2.8] 0. 
2 0.098 | Azn A2n Tenn 
6 0.088 | Azn Aon Lente WiOve 
Me) 0.182 | Agn A3n 2.0 || Oo. 
a 0.228 | Fos Fos 2.6] 0. 
A 0.027 | Aon Aon 0.0: |. 07 
id 0.061 | Aon Aon 0.9 | 0. 
8 0.026 | Bon Bon O46: |eo, 
2 0.238 | Asn Asn Zine AO 
ee 0.049 | Aan A2n L.7 N00 
-9 0.131 | Fin Fin 2.0 | O. 
a 0.024 | Bon Bon 0.6/0. 
6 0.192 | Agn Agn D2 NiOn 
4 0.029 | Arn Ain Tes. On 
yf o.o61 | Bon Bon oy oje|) ele 
.0 0.068 | Aon Aon 0.9 | 0. 
8 0.029 | Bos Bos —o.2]0. 
5G 0.078 | Aon Aon 0.9 | o. 
6 o.t0o9 | Arn A3n 1.6 | 0. 
I 0.029 | Ass Agn 2.0] 0. 
ug o.or7 | Azn Ain Tas) NiO. 
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TABLE VI—Continued 


SPECTRUM 
m_ | SPECT. Group | Tric. AUTH. 
Boss ™ Me zs Pe - 
AS Je 
4 o”o51 | Aon Bon O.7 Io" 
ff 0.077 | Asn Asn Bese Neon 
5 | 0.190 | F2s F2s 2.8] 0. 
at 0.016 | Bon Bon 0.6] 0. 
2 0.068 | Agn Ayn 2.4] 0. 
.2 0.068 | Asn Aon 2.4 1 0. A Vem 
-3 | 0.158 | Aon Aon 0.9 | o. Urs. Maj., Corona, F, M 
18.9) Ong02 ee en 275A 
; 0.044 3np 28 Leh ||) Ov 
i o.r05 | Aon In Deep all aco A, S, Ye 
.6 0.033 | A2s Aon Tm |b 07 . 
-7 | 0.091 | Arn Aon Tek Ow Urs. Maj., A, M 
6 0.092 | Aos Bon 0.4] 0. 
| 0.070 | Arn A3n £.6) foi 
8 o.o10 | Aés A8s 2.3 |O. 
8 0.136 | A6és Aas ELS Poy A 
+2 0.099 | Aon Aon 0.9] 0. ; 
4 0.046 | B7n Bon |—o0.6] 0. Scorpius 
.9 | 0.034 | Bon Aon 0.8 | o. Scorpius 
6 0.034 | Ars Als 0.6 ]o. 
Xe) 0.193 | Asn A8n 25 tO. 
9 0.045 | Aos A2n F.0 | o7 
.6 0.065 | Bon Aon 0.8 | o. 
9 0.027 | A3s A3s F227 
a5 o.o4r | Arn A3n TO. Mon 
9 0.014 | Azs A3s FeTtio- 
ay, 0.028 | Azn A2n EF On 
.8 | 0.042 | A3s Aas rose On Scorpius 
8 0.172 | Asn A7n 2.4] 0. A 
.8 | 0.062 | Azgn Aon Tie ApiOO35; lores 0.017] A 
2 0.022 | Arn Bon GeQIG.008 Panache ble es 
.o | 0.261 | A6n A8n DO NAPOROSA: leita 0.045| G 
“5 0.079 | A2s A2s OIG | OLOEGI liars aes tarel|therclerede le 
A 0.026 | Arn Aon ¥2% hOLOES Poewe alacant 
© | 0.097 | Arn Arn T23)F OFO26, lle ems 0.000] A, M, S, Ye 
6 0.033 | Azs Ass Ta | 0 
6 0.023 | Ars AIs 0.6 ]o. 
ie) 0.042 | Bon Aon 0.8 jo. 
8 o.o2r | Arn A2n EOP uM Hie 
6 0.024 | Bos Aon 0.4 ]o. 
.o | 0.003 | Bon Aon o.3: | Os 
6 0.029 | Azs Aon EcOk Pike 
4 o.o1r | Aon AIs OF TO: 
4 0.098 | Ass A6n 2) LO 
a3 0.012 | A3s A3s $22) Tox 
2 0.038 | Bon Bon 0.6: | 0. 
) 0.055 | Arn A3n £6; vou 
Ke) 0.032 | Aon A2n T.g | oO. 
AG 0.093 | A3s Ars 0.9 | 0. 
2 0.165 | Aon Aon 0.9 | o. 
8 0.066 | Aon Aon O20) | nOx 
.4 | 0.036 | Aon Arn Tor | 0% 
ae o.or8 | Bon Bos Or2 hn 
ca 0.044 | Ags A3s TAs coe 
a5 0.038 | Bon Bos O12: HO), 
33 0.132 | Aés A7s 2.2] 0. 
8 o.ors | Arn Aon Taty Weo. 
5.7 o.108 | Aon Aj3n dh io 
6 0.015 | Bos AIs 0.2 fos 
-o© | 0.158 | Asn A6s B.2t NOroay, leheer o.or9| A, F 
-I | 0.262 | Aon Bon 0.7 | 0.052 | 0.046 | 0.062] Corona, F, M, Y, Y 
8 0.028 | Ass A8s 2:2) NhONOLO) || ccinisote cll steteeree re 
ay 0.023 | Bon Aon OSs OF OFO || ayenelleeniten 
-7, | 0.043 | Bon Aon O28: || TOROTOw|Urpeeerelemeneee 
.2 | 0.208 | Arn Aon EP LRIOKOEO: Mercier —o.oor| A, Y 
-4 0.009 | Arsp | Bos O52) | ROKOGOM | erseeeern ae cee 
-4 | 0.026 | Aon A2n £3) |r OLOLON| CSernee aire eee 
4 0.026 | Bon Aon OS WioorS:|he.senry |e atone 
“5 0.009 os F2s BIO |OnOZy Ti etree len aos 
ss 0.030 | Arn Bon OsOVW OLOLA Nile-eieicreseilicieieciersie 
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TABLE VI—Continued 


SPECTRUM eS 
Spect.| Group] Tric. 
Boss m Be M = ge = AvuTH. 
A. 4} 

er | o%103 | Ass Ass E.G IRON OBA UNore re ei 07037 | A 
5.2 0.027 | A4s A4s WAG! HSNO: leave aes [erie soe oy 
6.5 o.oro | Bon Aon Oe Mas OOe Jee weak Hamers 
55 0.057 | Ags A3s TAA UOLOLO” INO aeins. «| lGreeee ae 
5.9, 0.034 | A3s A3s Bi WIGVORS” Weis acct cpa rene 
s:2 0.035 | Bon Aon GS HOVORS: |stnntee lem ee oes 
5.4 0.007 | Bos Bos OP GIGOS. Vevicnis aes eee dy 
5.4 0.146 | Asn A8n pea Yall (Wo vtey 10M | te Stntss 0.024 | A 
5.8 0.026 | Azs Ags UG MGTOES! lacrosse [lantern caters 
Ort 0.346 | Ars Ars 0.6 | 0.123 | o%104 o.110 | a Lyrae, F, J, Y, Ye 
6.0 0.057 | Agn Aon a2: foxors' levees ©.000 | Ye 
Tee 0.031 | A3s A6os HAG: OkOUGO | Mercci tens aeeeeee ee 
4-3 0.031 | Ass A8s QI WOLO87! loa acer 0.026 | A 
5.9 0.022 | Ain A2n Te POROES Mieteartuersr 0.030 | A 
4-4 | 0.123 | Aan Asn Bsi® IhOwO34> wenure 0.056 | A 
7.8 0.020 | B&n B8n Ond: 'Ox.003) [Nhat cisls (—0.006) | Ye 
5.3 0.019 | Aos AIs Onde HW OLOFO: Lear [neers om 
SF 0.120 | F2s Fas 2.8 | 0.026 |... 225. o.040 | A,S 
5.8 0.002 | B8n B8n QE LOnOG7 Wratenyareeitere tein eiayete 
oe 0.008 | Bosp | Bos =O2! |} 0020 Pec acces o.o12 | M 
ae o.o9r | A2n n ZEON .OFOSA: Maree atelier nite 
5.9 | 0.016 | Bon Aon OES: WO. OLO! [ratwicters «| feveveusins srs 
3.0 0.102 | Bon Aon O28) ['Or086 [bee cs 0.037 | A,M 
$7 0.056 | A3s A7s BS GRORO. Wigeersiere.c Povo siareverae 
5.5 0.098 | Azn Asn BSP O. OBO: lve en. ave erereienciee 
5.6 0.044 | Arn Aon aS GvORS: Wc aves cttw ere ats 
rack o.orr | Ajgn A3s EO: | On020) |llnw om sinte o.o1r | A 
5.5 ©.002 | Bos Aon OnE MOLORO: fiona cca |tetassreye 
4.0 0.031 | Agn A7s 262 \\OLOAA ||Pitie.s. 0.5 0.049 | M 
6.0 0.019 | A3s A6és TAG’ WOKOFA, \Wizie| grave anni Oeveserae = 
3-4 0.265 | A3n Aon 22 | OnOSO ive cere ste 0.057 | A, M 
5.6 0.040 | Bon Bon GiB. MOVOLO | adec ca|naisin gerae 
5.8 0.037 | Aon Aon OQ WOLOLO:- fis Herter lfleis veianrese 
6.0 o.or7 | Aon Aon Oi PS.OLO Peace: a 1Moore se 
a 0.041 | Aos Aos GS" WOROOS liars te Bapteldees 
-9 | 0.126 | Arn Aon ExE)} 0028: |lesincas. o.o18 | A, Ab 
-9 0.004 | Bon B8n OnZ. | LOxOER™ Nevice eos») sie eters siale 
ae) 0.006 | Bonp | Aon OB ll Oi OCD: |avaisc.< x] ete sire 
4 0.032 | Aos os GiB. NiO-009 Wie coves Puensy as 
me 0.017 | Aos Bos OG) Ni) OGO! Pasrancistc des samen. 
ie) 0.065 | Arn Aon UE) 0.042. levees 0.055 |S 
me) 0.655 | A2n Aan Le WOMLAS  hawe ays « 0.205 | M, Y, Ye, et al. 
“5 0.024 | Bon Aon I.2] 0. 
8 o.os1 | Bon Aon 0.8 }o. 
Eg 0.005 | Ain Aon £.0 ho. 
ie) 0.020 | Bos Bon 0.21/10. 
4g 0.099 | A6n Aon 2A NO 
.2 0.038 | Aosp | Ain 0.8 |o. 
.4 | 0.032 | Bos Bos —o.2]0. 
5 0.007 | Arnp | Aon t.E } 0. 
Ne) 0.017 | Aon Aon 0.9 | o. 
.0 0.094 | Azn Ain BLS) Os 
W= 0.046 | Arn Ain En3! on 
RE 0.022 | Aon Aon 0.9 | oO. 
-4 o.o18 | Byn B8n |—o.1]o. 
Be 0.008 | Aon Aon Oro) | On 
of 0.004 | B7n B8n |—o.1 ]o. 
ey 0.026 | Agn A8n 2.4 |0. 
4 0.073 | Ain Aon Eek. con 
a4 0.005 | Arn Aon Teer sal (Ao 
7 0.038 | Arn A4gn 8) |\.0's 
4 0.048 | Azs A2s 0.9 | o. 
2 0.009 | Aon Aon 0.9 | o. 
4 0.069 | Agn Asn 2.2) 0. 
8 0.058 | Bos Ain 0.6: | 0. 
6 0.017 | B8s Bos —o.4 | 0. 
-8 | 0.044 | Arn Aj3n £20) \o, 
a o.o1r | Bos Bos —o.2 | 0.007 
.8 | 0.051 | A7n Fos 2577 (tOzOGe Nartetrere o,o1o | M 
-9 | 0.025 | Bon Bon Oui LOLOL Autsrerae rte 0.000 | A 
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TABLE VI—Continued 


SPECTRUM " G © 
PECT. ROUP RIG, 
Boss m Bh M ee re AvuTH. 
A. J 
9 o”060 | Ags Ass 1.7 | 0023 
2a o.osr | A8s Agn 2.6] 0. 
8 0.169 | A7s Ags 2.4] 0. 
“4 0.015 | Bos Bos —o.2|0. 
6 0.160 | A2n Aon Tegel O's 
or 0.054 | Ais A4s I.0 | oO. 
At 4 0.124 | Agn Aon 2.2] 0. 
.5 | 0.206 | Aqn Aqn 2.2 | 0.022 | 0.052 | 0.037 | a Lyrae, A, Jo 
4 0.018 | Bon B8n Osa | OrOld Law igeltrislcsvicseae 
-) o.or2 | A2n Aan Te! NO. OOS) [are scatter (—o.orr)| Ye 
.0 0.008 | Bon Aon. ‘ORG! OOOO lac a.s.clanellevse aistecece 
ne 0.026 | Aon Aon OO . OOS Pio ceutas bastante 
Ac 0.100 | Azgn Aon Fee eal oP) ge dall eyiniCyeyD| Mee OD OG 
8 0.117 | Aan Asn BLO), |} POLS. || \eveveretavele |otersvn ererete : 
.o | 0.052 | Aon Aon 0.9 | 0.010 | 0.013 o.o1ro | Urs. Maj., M 
Xe) 0.030 | A2n Aqgn DEGAMMOKOLO? || -varanvole.«t| ees eeeisiey 
6 0.038 | Bon A2n TB Op OL All Ja etemiel sl etter 
-9 0.061 | Asn A8n D562 WOT OES Wav ajs ese iis te arctan 
.o | 0.392 | Ajgn Asn Baa NO OOSs | iets emt: o.115 | M 
5, o.oor | Bon Aos Or Ai iN 1, COON stercravater elfetePaisiersters 
.0 0.009 | B&s B8n O54) | Ox7 OOO! | scare sein antetowrt ae 
6 0.036 | Aon Aon O, Ou OLOLT We cucts wisi Pejeversecevore 
7 0.004 | B7s Bos LE 2 OUOOA fetes erelatotll cuterworennte 
obs 0.007 | B8n Bon Oe Bi OPOES Vas creat oe erecke-cte 
.6 0.039 | Bon Ain PO GOLF: Pave nou onuee se 
4 | 0.026 | Aqn Fen ZO OnO4 Ss || octets o.oo5 | A, M 
+2 0.028 | B&n Bon 054-1 OdO00 baz cence bee sainals 
2 0.452 | A6n A6n 2.4 | 0.045 | 0.108 | 0.055 | aLyrae,A,M,S,Y, Ye 
33 0.004 | Arn Aon Zot 3: 
9 0.030 | Ars Bos Ore sn 
as o.or4 | Arn A2n Ros | On 
I o.019 | A2s AIs 0.8] o. 
2 o.org | Aon Aen Fae a fare ve 
8 0.036 | A2s A3s Dero: 
EY 0.037 | Arn Aos °o.8]o. 
-5 | 0.052 | Arn Arn Tosa Or 
eS 0.024 | Bon Bon ©.6] 0. 
6 o.ors | Ags A3s 1.6] 0. 
.2 o.or7 | Ain Aon TE. [On 
9 0.012 | Aés A8s 2.3 |'O. 
2 0.017 | Aas Ais 0.8 |ko:; 
a5 0.233 | Aon Fos 2.8 |0. 
a8 ©.005 | A2n Bos °o.8]o. 
9 0.124 | A3s A3s Dis 2e Or 
48 0.042 | Arn Bon 0.19) |) 0: 
a3 0.016 | Bon Bon 0.6] 0. 
8 0.027 | Ajn Aas 1.8] 0. 
4 0.033 | Arn A3n 6 | 0. 
2 0.013 | A2s Ars 0.8 lo, 
aE 0.014 | Ars Aos o.4] 0. 
7. 0.007 | Ass A&8s Bea iOn 
ot 0.013 | Bos Bos —0.2]0. 
ac} 0.004 | Ags Aj3n A Oepay || Coye 
© | 0,008 | Azs Ars 0.8 | o. 


results are given in Table VII and a curve drawn from them is 
shown in Figure 2. 

Two results are given for the last group according as Boss 1732 
(Sirius) is included or not. For statistical purposes it is, no doubt, 
better to omit it. 

These values show an excellent degree of correlation between 
proper motion and parallax. The influence of occasional stars 
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of small proper motion and large parallax, or large proper motion 
and small parallax, is not serious, because of the considerable number 


a 


TABLE VII 

Limits of u No. Av. u Av. 

<< OROTOS try eh ck ee ar 49 0006 ovorr 
OrOrO LOO. O10. anceiaccetet 83 0.015 0.012 
ONO2ZOHUO Os O20 nic. gc were ca os. 72 0.025 0.014 
O3080 LO'O 203 Oiw.o = we as ota 56 0.035 0.014 
ODsOAOAO'G6 OA Gnas Wotaisy <0 6 39 0.044 0.016 
OAOSO 10102000 cies, oie seis sern 74 0.059 0.019 
OFOZO TOO. COO aaieisicin so) coe 55 0.084 0.020 
OK LOO LO OSLAG iene seins ower oe 68 0.118 0.029 
DE SOMO OT 25 On span sce iaarene 30 0.196 0.037 
a 18 0.430 0.071 
Gt 6 Osmiclofeveeac int 7anie kusre aso - 0.378 0.057 


0.0860 


0.160 


0.240 
vee 


0,320 


Fic. 2.—This curve shows the relationship between the average value of the 
proper motion and the average value of the spectroscopic parallax for the 544 stars of 
Table VI. The stars have been grouped according to the limits of proper motion 
given in Table VII. The point surrounded by a circle represents the value for the 
group of largest proper motion when Sirius is included; the neighboring point on the 
curve represents the same group when Sirius is omitted. 


of stars in each group, the only important exception being that of 


Sirius. 


It is of interest to note that the curve would give an average 


parallax of 0009 for stars of zero proper motion, a result almost 
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identical with that found by Strémberg" for stars of the later types 
of spectrum. Reference may also be made to the fact that the 
eighth group of stars, with proper motions between o/100 and 
o”149, while it includes most of the members of the Taurus moving 
cluster, also includes a large number of other stars. The parallax 
of 0’029 is in good agreement with that of Rasmuson for the Taurus 
cluster, thus indicating that the latter stars do not differ materially 
in distance from other A stars having the same amount of proper 
motion. 

We have referred previously to a Cygni (Boss 5320) and some 
other stars with similar spectral characteristics. Most of these 
are listed as ‘‘c” stars by Miss Cannon and have sharp narrow 
lines with the enhanced lines remarkably strong and prominent. 


TABLE VIII 
Boss Spectrum BK b 
478 on ae er ee A2s 0” 009 —3° 
ee aS e Ue io eS As 0.011 —3 
ey Nee terete thn, Sot A2s 0.005 —5 
TDA Se ho NE EP es A2s 0.004 ° 
P20Si Moe eee ee A4s 0.016 —I 
ROB Misuse ee ratore Sere A4s 0.015 —7 
Lhe WO DARREN ACNE OIL Carne tor acc A2s 0.001 +1 
OLLI. sesee CT A2s ©.010 ° 


Those at \A 4233 and 4481 are especially striking, and it seems prob- 
able from a brief examination already made that these lines vary 
definitely with absolute magnitude. At present, however, we have 
no results based upon trigonometric measures or other data from 
which to determine absolute magnitudes which may serve as 
standards of reduction for the spectrostopic intensities. There 
can be little question that a Cygni is extremely bright, its absolute 
magnitude probably being of the order of —4 or —5. In spectral 
characteristics, great luminosity, small proper motion, and low 
galactic latitude these stars are associated with the Cepheid vari- 
ables and stars of similar spectra and appear to form a continuation 
of the Cepheid chain of giant stars. Table VIII gives the stars — 


* Mt. Wilson Contr., No. 170. 
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of this type which we have found in our list. The galactic latitude 
is indicated by 0. 

The A-type companion of © Eridani and probably the companion 
of Sirius appear to be cases of the rare phenomenon of A-type 
stars of very low luminosity. Three other stars of which we have 
spectrograms are much fainter than the vast majority of those of 
the A type. These are: 


m Spectrum Le Trig. + M 
IDOE Ss Oa eer ene 8.0 Aas o”90 0”039 6.0 
Wale 28OOr~ onc ssc ee: (ES A2s my 0.033 4.9 
\WIiGH Ee 18 ee 8.4 A2s Tee 0.028 5.6 


The last star is a double and the value of M refers to the combined 
magnitude. 

The spectra of these stars are peculiar. The hydrogen lines 
are narrow and sharp, the metallic lines are very faint, and \ 4481 
and 4233 are hardly visible. These latter lines, accordingly, 
show a behavior just the reverse of that in “‘c” stars like a Cygni. 
It is of interest to note that \ 4481 and d 4233 are also very faint 
in the spectrum of the companion of o? Eridani. 

Forty-five of the stars which appear in Table VI have been 
included in the list of 1646 stars‘ of the later spectral types for which 
absolute magnitudes derived by the spectroscopic method have 
been published. The latter values were obtained by an extrapola- 
tion of the reduction-curves for stars of the F type and have 
always been considered by us as subject to considerable uncer- 
tainty. A comparison of the results given in Table VI with those 
in the list of 1646 stars shows a mean difference of oMs, the abso- 
lute magnitudes in Table VI being the fainter. The difference is 
systematic although much of it is due to a small number of stars. 
We consider the parallaxes given in Table VI as superior to the 
earlier values and hope by means of these results to form a con- 
nection between the two systems which will render them consistent 
with one another. 


t Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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In conclusion, we may call attention to the agreement of the 
results of this investigation with those obtained by Lindblad’ 
through a spectrophotometric study of the intensity of the continu- 
ous spectrum. Lindblad found that the region \ 3889-A 3907, 
when compared with the adjacent region \ 3907-\ 3935, was 
relatively less intense in the spectrum of the intrinsically fainter 
stars. This effect he ascribed to the expansion of the wings of 
H¢ in such stars, as well as to the widening of certain of the arc 
lines of iron and silicon. In other words, the spectra of such stars 
are diffuse, and we obtain the same differentiation between the 
absolute magnitudes of stars with sharp and diffuse lines that 
has been found by other methods in the course of this investi- 
gation. 

It is hardly necessary to state that the methods described in 
this communication can no doubt be greatly improved and refined. 
They appear capable, however, of yielding results of considerable 
value for the stars belonging to the largest of the spectral types. 
In addition, it seems probable that similar methods may be applied 
to the stars of the B type. It is well known from the work of 
several investigators that the stars of types B8 and Bo are con- 
siderably fainter intrinsically than those of the earlier divisions 
like Bo and Bri. There is a strong probability, therefore, that a 
relationship between spectral type and absolute magnitude similar 
to that found for the A stars exists among those of type B. 


SUMMARY 


The principal results of this study may be summarized briefly. 

1. A considerable number of A-type stars belonging to the 
Taurus and Ursa Major groups have been classified as accurately 
as possible into the subdivisions of this type and the spectra 
designated as nebulous or sharp according to the character of the 
lines. 

2. From a comparison of the results a definite relationship 
between absolute magnitude and spectral type, as well as between 
absolute magnitude and the sharp or diffuse character of the lines, 
has been established. 


* Mt. Wilson Contr., No. 228; Astrophysical Journal, 55, 85, 1922. 
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3. Through an extension to stars with parallaxes determined 
by trigonometric methods, it is found that the same relationships 
are valid for stars outside of the moving clusters. 

4. When this method for the determination of absolute magni- 
tudes is applied to individual stars, a degree of accuracy is found 
quite comparable with that for stars of the later spectral types. 

5. A catalogue of the parallaxes of 544 stars derived in this 
way is given. 

6. A comparison between the average of the proper motions 
and the average of the parallaxes of these stars shows a satisfactory 
degree of correlation between the two. 

7. The stars such as a Cygni having the so-called “c” charac- 
teristics require separate treatment. It seems probable that the 
intensities of the well-known enhanced lines \ 4481 and d 4233 
may be used as criteria for the determination of the absolute 
magnitudes of such stars. The same lines may perhaps be used 
for intrinsically faint A-type stars, in which these lines are very 
weak. 


Mount WILson OBSERVATORY 
May 10922 
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THE DISTRIBUTION OF THE VELOCITIES OF 
STARS OF SPECTRAL TYPES F TO M 


By GUSTAF STROMBERG 


ABSTRACT 


Frequency-distribution of the velocity-vectors of stars of types F to M.—The three 
components of the velocities of about 1300 stars were computed from available data 
and referred to the galactic system of co-ordinates, assuming a solar motion of 
20 km toward the apex a=270°, 5=+30°. The frequency-distribution of the 
velocity-vectors in each of six groups, including, respectively, types A6-Fo, Fo-Gs, 
G6-K1, K2-Ko, Ma-Md, Go-M, and magnitudes 0-6, <3, <4, <4, <3, >3, was 
represented by a three-dimensional cosine-series with a large number of terms deter- 
mined by harmonic analysis. From these results curves of equal frequency were 
drawn in the xy- and yz-planes (Figs. 1-6). It is evident from these that 
giant stars of types F to M form a single group or stream with an approximately 
ellipsoidal distribution, the shortest axis being nearly in the direction of the galac- 
tic pole. The elongation of the ellipsoid is greatest for the bright F stars and least 
for the late K and M stars, for which the distribution is nearly spherical. Among 
stars of spectral type F and magnitude o to 6 an additional stream was found moving 
nearly parallel with the Taurus group and including about one-fifth of the stars of this 
type. There is a marked asymmetry in the distribution of velocities, especially for the 
higher velocities. As a result, the most frequent velocity coincides neither with 
the mean velocity nor with the center of the velocity-ellipsoid, but has the values 
given in Table VII, being 13.4 km in the direction a= 86°2, 5=—30°8 (relative 
to the sun) for the giant stars. Another consequence of the asymmetry is that 
the constants of the ellipsoidal frequency-function depend somewhat on the method 
of computation on account of the difference in weighting the high velocities. The 
results of two methods are given (Tables IV, V, and VI). The dwarf stars also form a 
single group and show an ellipsoidal distribution of velocities, the most frequent ve- 
locity being 37.7 km in the direction a=98°8, 6=—17°4 (relative to the sun). 

Solar motion derived from the algebraic means of velocities of stars of types F to M is 
found to be dependent on the spectral types and absolute magnitudes of the group 
of stars used. Giant stars of later types give a somewhat higher declination of the 
apex (+44°) than stars of earlier types (+27°), while dwarf stars give +30°. The 
velocity from giants comes out 18.8 km while dwarfs give 31.7 km; in fact, stars of 
high velocity give, in general, a higher solar motion than slower stars, which indicates 
that the high-velocity stars have a systematic motion in a direction opposite to 
the sun’s motion. 


The large number of spectroscopic parallaxes recently deter- 
mined by Mr. Adams and his collaborators’ has made it possible 
to compute the absolute motions in space of about 1300 stars for 
which the proper motions and radial velocities are determined. The 
fact that the errors of the spectroscopic parallaxes are proportional 
to the parallaxes themselves makes them in general better adapted 


i Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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to this purpose than the trigonometric parallaxes. A large number 
of radial velocities have been determined at the Mount Wilson 
Observatory during recent years, and I am greatly indebted to 
my colleagues engaged in this work for permission to use these, 
as well as the spectroscopic parallaxes, in advance of publication. 

The result of a study of the space-velocities, irrespective of their 
directions, was published in Mount Wilson Contribution No. 210; 
Astrophysical Journal, 54, 9, 1921. Since it is well known that 
the frequency of velocity-vectors of a given size is quite different in 
different directions, a detailed study has been made of the general 
distribution of the three-dimensional velocities. In order to obtain 
the general character of this distribution, the possible dependency 
of the velocity-distribution upon position in space was neglected. 
The known dependency of velocity upon absolute magnitude and 
spectral type has been taken into account to some extent by group- 
ing the stars according to spectral type and for each type dividing 
them into two groups of different absolute magnitudes. 


COMPUTATION OF THE VELOCITY-COMPONENTS 
The three co-ordinates of a star relative to the sun and referred 


to the equatorial system are 


2#=Dcosacos6; H=Dsinacosé6; Z=Dsin6, 


where a and 6 are the right ascension and declination of the star 
and D its distance from the sun in kilometers. Differentiating 
these equations with respect to the time, we obtain the three 
velocity-components in the equatorial system relative to the sun: 


dz ; 
é= Hag V cosa cos s—* (ua Sin a cos d+ ys Cos a sin 6) 
dH 2 k 
Ral Fo V sina cos ax (ua COS a COS 6—ys Sina sin 6) (1) 


d ‘ 
paZoy sin Really cos 6 
t T 


where V is the radial velocity relative to the sun, yp, and Mls are 
the proper motions in right ascension and declination expressed in 
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seconds of arc per year, 7 is the parallax, and k is the mean distance 
earth-sun in kilometers, divided by the number of seconds in a 
year. We have thus k=4.737 km year/sec. 

The proper motions have been taken from Boss’s Catalogue 
and corrected according to the formula: 


Aus=+08%00021 — o8000T 55 sina tan 6 
Aus’ = —0”0023 cosa 


For stars not in the Boss Catalogue the proper motions have in 
most cases been taken from the Publications of the Cincinnati 
Observatory, No. 18, Part IV, and in some cases, proper motions 
determined at Greenwich, and by Kapteyn, Roy, and others have 
been used. ‘The radial velocities are from the lists published by 
the Lick, Mount Wilson, Yerkes, Cape, and other observatories, 
and in addition to these, use has been made of a large number of 
unpublished radial velocities determined at the Mount Wilson 
Observatory. The spectroscopic parallaxes have been used except 
in a few cases where the trigonometric parallaxes are large and 
well determined. 

From this list of stars of known parallax, proper motion, and 
radial velocity, the following stars have been omitted: (1) the 
fainter components of binaries, the absolute magnitude used being 
that of the brighter component; (2) stars selected for observation 
on account of small proper motion, ninety-nine such stars being 
omitted; (3) spectroscopic binaries with large variation of the 
radial velocity for which the orbits are not determined. Many 
of the stars were of course selected for observation originally on 
account of large proper motion, but as this selection is mainly a 
selection of near and thus absolutely faint stars which have been 
treated separately, no omission is made for this reason. The 
inclusion of a large number of stars of large proper motion produces, 
however, an excess of stars of high speed among the giant stars. 


SOLAR MOTION 


If we form the means of the three velocity-components £, y, and { 
for a group of stars, we obtain the velocity of the “centroid” of 
1 Op. cit., p. XXViii. 
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this group of stars relative to the sun. The opposite vector is 
the velocity of the sun relative to this centroid. The polar co- 
ordinates of this vector are given by the equations: 


V, cos A, cos Dp= —£ 
V, sin A, cos DD=—7 (2) 
V, sin Dy =—¢ 


where A, and D, are the right ascension and declination of the sun’s 
apex and V, is the solar velocity. Table I gives the results of this 
computation for different spectral types and absolute magnitudes. 
In this case all stars with a space-velocity higher than 100 km have 
been omitted. 


TABLE I 

Spectral Type ee Number Ao De Ve 

< 69° +27° 21.2 
3-0 153 209 7 

AOrONL ome ect ac ee 133 274 +35 23.4 

< 66 +32 19. 
EC 224 2 3 9-9 
GojtoiGogese er oeeeer ee 154 279 +23 40.2 
S4.0 325 282 +43 18.3 

Ko to Ko es I 112 286 3 i SYR 
M {<4 ° 98 271 +44 16.2 
Rabon ayreiees he ree ore a 6m “6° 354: 468 66: 
INGATYINAG ss ole 6 Sau oo8 Giants 800 272.7 +36.9 18.8 
INS THON bn choc pod Boa a Dwarfs 415 280.8 +29.5 Shey 


From Table I we see that for the giant stars the declination of 
the sun’s apex shows a steady increase from +27° to +44°, which 
is in agreement with the results of several investigators who have 
determined its value from proper motions. This increase of the 
declination of the sun’s apex with advancing spectral type was 
found by Dyson and Thackeray* to be especially pronounced 
among the faint stars in the zone +24° to +32°, and was attributed 
by them to an increase in the proportion of stars belonging to the 
second stream among stars of later types. That this explanation 


* Monthly Notices of the Royal Astronomical Society, 79, 201, 1919. 
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is in agreement with the results obtained in the present investigation 
will be seen later. 

Another conclusion to be drawn from Table I is that the dwarf 
stars apparently show a higher velocity for the sun than the giant 
stars. This result seems to explain the peculiar fact that the 
velocity of the sun as determined from the Mount Wilson radial 
velocities is somewhat larger than the original values of Campbell. 
The proportion of faint stars of large proper motion measured for 
radial velocity, most of which are dwarf stars, is fairly large 
among the stars observed at the Mount Wilson Observatory. 

This increase in the velocity of the sun is especially marked if 
we group the stars according to space-velocity. This velocity, 
v, corrected for a standard solar motion of 20 km toward the point 
a=270°, 6=+30°, has been computed for each star according to 
the formula 

v= P+ (n—17.3)?+(¢§+10.0)%. 


Grouping the stars according to this space-velocity, v, and com- 
puting the solar motion for each group, we find a very great in- 
crease of the sun’s motion with increasing space-velocity of the stars 
(Table II). This indicates that the stars of high velocity have a 
systematic motion opposite to the sun’s motion, a result which 
was found by Adams and Joy’ from a study of the space motion of 
thirty-seven stars of large radial velocity. 


TABLE II 
v No Ao Do Vo 
km (bee Caml cto gs te oe 
OHO nOOse tie tank 1026 DORE +29°5 20.6 
60 to I00 210 2905-4 +43.4 2053 
HOOULG ER Oba attic ataies 50 288.9 +38.6 75.7 
SR ToR de Adee 37 Bias 15300 209.1 


DISTRIBUTION OF VELOCITIES 


The solar motion is only one of a large number of characteristics 
which determine the general distribution of the velocities. To 


I Mt. Wilson Contr., No. 163; Astrophysical Journal, 49, 179, 1919. 
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describe this distribution we may think of a certain number of 
stars starting at the same moment from a common origin with 
velocities equal and parallel to their velocities in space. After one 
second they will have spread out into a cluster, the mean density 
of which at a certain point is proportional to the probability that a 
star of this group has the velocity corresponding to the point in 
question. In studying this distribution two different types of 
frequency-functions have been used, viz., those based upon the 
two-drift theory of Kapteyn and the ellipsoidal theory of Schwarz- 
schild. In order to make an inductive study of the distribution of 
the velocity-vectors without restricting ourselves to a special 
frequency-function, a more general type of function has to be 
used. One such function has been introduced by Charlier’ for a 
“‘unitary statistical population” with three variables. The prac- 
tical application of this function, however, requires the use of 
moments of high order, and this necessarily gives the stars of high 
velocity a much higher weight in the determination of the constants 
of the function than stars of low velocity. In the present case we 
are dealing with fairly small groups of stars and, on account of the 
selection of stars of large proper motion, too great a proportion of 
stars of high speed has probably been included. Hence it is espe- 
cially important, at least when dealing with linear velocities, to 
use a function, the constants of which can be determined directly 
from the numbers of stars whose velocity-vectors lie between 
certain limits. To obtain the general character of the distribution 
of the velocities, we need, therefore, a general interpolation formula 
in three dimensions which can easily be integrated and whose 
constants can be determined simply from the integrated function. 
For this purpose use has been made of a three-dimensional cosine- 
series with the origin in the center of the limiting planes. Such a 
series can be written 


F (xyz) = o+Groo SiN a+ dor SiN B+ door SIN Y-+A200 COS 2a-+Grr Sin a sin B 
+ yor SIN a SIN Y¥+o2 COS 2B-+dorr Sin B Sin y+Aoo2 COS 2Y 

+300 SIN 3a+ Aero COS 2a SiN B+ dy; COS 2a Sin y+ Sin a cos 28 
+@m SinasinBsiny+..... 


* Meddelanden fran Lunds Observatorium, Serie II, No. 9, p. 79, 1913. 


302 


(3) 


VELOCITIES OF STARS OF SPECTRAL TYPES F TO M 7 


where 
xT ave 2m 


26; 


oe,20 20, 


The six limiting planes are x= = c,, y= +C,, 2=¢;._ The three 
angles a, 8, and y vary between the limits —7/2 and +7/2. The 
only assumptions made in using this frequency-function are that 
the number of velocity-vectors terminating in a cube dx dy dz 
varies continuously with x, y, and z, and that 


dF dF dF 
<> ay and imi for *=+¢, y=+Q,, 2= 6s, 
respectively. 


The disadvantages of this function are that we must use a very 
large number of terms, and even then it may not be possible to 
represent the more rapid changes of the mean density of the velocity- 
cluster. The function is characterized by a large number of 
coefficients, and it is necessary to plot it graphically in order to 
gain an idea of its general character. It is, however, a convenient 
means for obtaining some information about the actual distribution 
of velocities, from which we can afterward decide what type of 
theoretical frequency-function can best be adopted. 

The number of velocity-vectors of a group of stars terminating 
in a cube dx dy dz is expressed by 


F (xyz) dx dy dz. 


Integrating this function between the limits ,, %23 Yr, V2} 21) Za, 
we find 
Xa Ya Za eens Sig Tile 
{, i ie F(xyz)da dy dz=A(Ao+Ai Sin @+-Aow Sin B+-Aoor Sin ¥ 
a Mt a 


+ Aro COS 2a+Ar Sin @ sin B+ Arr sin a sin 7 (4) 
+Aoz cos 2B+Aon Sin B sin y+Ao2 COS 2Y+A 500 SiN 34 
+As cos2asinB+ ....) 
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where 
A (%2.— Xx) (y.— Vx) (2.— 21) . 


= 40 2) = (uta) 
B=4(8:+6.)= (vty) 


x Be diel 
V=3(ut+12)= ; ete) 


Atmn= kikmknGmn 


; pe Na 
ae : 
k= Ida ; Aa= a, a= 77 (aa mn) 
2 
m= Par Te AB=B.— B:=>-(y yx) 
2 
ai mt 
eT Ay=2— ¥1= 2a” —2:). 


2 


As the unit of volume, we have for convenience used 1000 km3; 
thus we have to replace the A just given by 


0.001 (%2— x1) (Yo— Yr) (Z2— 2x). 


Starting with a group of WN stars of a certain range in spectral 
type and absolute magnitude, we can compute how many rectilinear 
velocity-components fall inside a parallelopiped inclosed by the 
planes *=%1; *=%; Y=%13 Y=%23 2=%; 2=%. If N is the 
total number of stars in the group and z is the number of velocity- 
vectors terminating inside this parallelopiped, we have equations of 
condition of the form 


wf 4 i F (xyz)dx dy dz=NA(A,+Ar sin & 


+A oro Sin B+ . =) 


n. (5) 
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The computation of the constants of the series is very much 
facilitated by dividing the distances —c, to +¢,, —c, to +2, —c; to 
+c; into ~,, p2, and p, equal parts, respectively, the p’s being even 
numbers. 

The solution of the equations of condition (5) is then simplified 
by the relationships 
Pp: 


2 sin? a= cos? 2a=2 sin? 3a=2 cos? 4a, Be I 
= sin? B= = cos? 28== sin? 3B== cos? 48, ete. (6) 


Ps 


> sin? y= cos? 2y=2 sin? 3y=2 cos? 47, etc.= 7 


All the products in the least-squares solution vanish, and we have, 
for example, 


Dn 22” sin a 22DN COS 24 
NAA,=——., NAAw=————_, NAAw Sa 
Pipa; Prpap; Pips; 
82n sin a sin B sin ¥ 8=n cos 24 sin 3B sin 7 
WAAL == , NAA3=—— 
Pibohs : Pipabs 


When the coefficients Ajm, have been determined, the coefficients 
Gim, are found from the equation 


The total number of stars in the group has been reduced to 1000, 
and the series F =d)+dro SIN a+r Sin B. . . . , gives us then the 
number of velocity-vectors terminating in a cube of 10 km on the 
edge, the center of which is in the point x, y, z. 

The fact that the motions of the stars are related to the plane 
of the galaxy makes it convenient to use galactic co-ordinates 
instead of equatorial. In order to have the origin near the center 
of the distribution, we have corrected all velocities for a standard 
solar motion of 20km toward the point A,=270°, D.=+30°. 
The pole of the galaxy is supposed to have the position a=190°6, 
5=+27°2 (Kapteyn). 
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If x, y, and z denote the galactic co-ordinates, we have the 
following equations of transformation: 


x=+0.185 £—0.983 n+17.0 
y=+0.449 §+0.084 n+0.889 [+7.4 (7) 
z= —0.874 E—0.164 4 +0.457 $17.4 


All constants derived from the frequency-functions are given in 
this system of co-ordinates. They can readily be converted into 
equatorial co-ordinates relative to the sun by aid of the equations 


‘E=0 cos a cos 6=+0.185x+0.449y—0.8742 
n=v sin a cos 6= —0.983x%+0.084y—0.1642+17.3 (8) 
¢=v sin 6 = +0.889y+0.4572—10.0 


In Table III are given some data for the six different groups for 
which the coefficients in the series have been computed. The 
first two of these groups are overlapping. All terms up to the 
sixth order have been computed and in some cases terms of an even 
higher order. The total number of stars is in all cases reduced to 


TABLE III 
Group 

I Il Ill IV Vv VI 
Spectrum e-. scicne A6 to Fo | Fo to Gs | G6 to Kr | K2 to Ko|Ma to Md| Go toM 
Absolute magnitude.jo.o to5.5} 2.9 SS! SC <3 =3.0 
Ceeteh. sees niente 40 40 60 60 60 160 
Cates ce ete 30 30 60 60 60 160 
Cp asnvet oie eine 30 30 60 60 60 160 
Number of stars.....| 278 197 252 220 II5 343 
Number within limits} 174 148 231 205 108 340 
Taurus stars omitted 9 4 5 cl KS: ° ° 


tooo, and the unit of volume is 1oookm’. The most frequent 
velocity corresponds to the point of highest density in the velocity- 
cluster, and such a point is inclosed by non-intersecting surfaces of 
equal density. The intersections of these equi-frequential surfaces 
with any plane are closed curves surrounding the point or points 
of highest density. 
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In Figures 1 to 6 are shown the intersections of the surfaces of 
equal frequency with the xy-plane (galactic plane) and the «z-plane. 
The x-axis is directed toward’the intersection of the galactic plane 
with the equator (in Aquila). The velocity of the sun in this 
system of co-ordinates has the components +17.0, +7.4, and 


+20 +30 


I) 


Wt 


| 
4 
| 


40 -»#O -20 -10 Ye +10 +20 +30 = +40 
+30 +30 
20 |+ +20 

r 
+10 5 za + i 0 
; , 

3 18 16 1h 2 van 04 go 26 (FR x 
Es 10 
-20 20 
4 3000-20 30 

=30 -20 -10 +10 #20 +30 +40 -40 -30 -20 -\0 +10 +20 «+30 +40 

Fo toGs Ms 29 
A6 to Fa;M=0.0 to 5.5 2 
Fic. 1 Fic. 2 


+7.4 km, and is denoted by the symbol ©. The recognized mem- 
bers of the Taurus stream were omitted in the computation but are 
marked in the diagram by crosses. The dots in the diagrams 
represent the velocities of those stars whose velocity-components 
perpendicular to the plane of projection are small, the limits in 
Figures 1 and 2 being = 10 km and in Figures 3 to5,+20km. For 
the dwarf stars in Figure 6 the projections in the «y- and «z-planes 
of the velocities of all the stars are given. 
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A study of the diagrams in Figures 1 to 6 and the series upon 
which they are based leads to the following conclusions: 

1. The giant stars of all types form a single “group” with an 
approximately ellipsoidal distribution, the longest and the inter- 
mediate axes in all cases lying very nearly in the galactic plane 
and coinciding approximately with the x- and y-axes. The shortest 
axis is nearly perpendicular to the galactic plane. The elongation 
of the ellipsoids is largest for the bright F stars and decreases for 
later types, the distribution being nearly spherical for the later 
K and the M stars. 

2. The spread of the velocity-cluster increases with advancing 
spectral type and is much larger for the dwarf stars than for the 
giant stars. 

3. The most frequent velocity does not coincide with the origin 
but lies for all the groups of giant stars in the first quadrant of the 
xy-plane and has the approximate values, «=+5.8, y=+2.7, 
z=+1.7km. Relative to the sun this velocity is 13.4 km toward 
the point a=86°, 6= —31°. 

4. If we exclude the very brightest F stars, many of which are 
Cepheid variables and stars of similar spectra, and take together 
stars of types A6 to Fo, absolute magnitude o to 5.5, we find 
that these stars divide themselves into two streams. One of these 
coincides with the general group of giant stars, as can be seen 
from the agreement of its condensation point with that of the 
giant stars of other spectral types, while the other stream moves 
nearly parallel to the Taurus group. This latter stream comprises 
about 20 per cent of the ordinary stars of F type and its existence 
seems to indicate that a large number of stars of this spectral type 
in all regions of the sky are traveling with a velocity nearly identical 
with that of the Taurus group. Even among the brighter F stars, 
as well as among the G-type giants, the presence of members of this 
group is indicated by the protruding form of the equi-frequential 
surfaces in this region. This stream might be identified with 
Kapteyn’s first drift, although the galactic latitude is not quite zero. 

5. The dwarf stars, among which have been included stars of 
spectral types Go to M of absolute magnitude fainter than 3.0, 
seem to form a group of their own as regards their motions. The 
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distribution of the velocities is ellipsoidal, with the major axis 
forming an angle of about 160° with the x-axis. The most frequent 
velocity is approximately #=—19, y=—2, z=+1km, which 
nearly coincides with Kapteyn’s first drift, while his second drift 
has been swallowed up by the ellipsoidal stream of giant stars. 

6. There is a very marked asymmetry in the distribution of the 
velocities around the most frequent velocity-vector. The stars 
of high velocity show a tendency to avoid the first quadrant of the 
xy-plane. This produces a difference between the most frequent 
velocity and the mean velocity. The latter nearly coincides with 
the origin if the stars of very high speed are omitted, as was shown 
in the values for the solar motion given before. That this asym- 
metry is not due to any selection of stars of large proper motion 
moving opposite to the sun is shown by a study of the velocity- 
distribution of stars having very high speeds. In the diagram in 
Figure 7 are plotted the projections in the xy-plane of the velocities 
of the stars having space motions larger than 100 km relative to the 
origin. The effect of the selection of large proper motions relative 
to the sun instead of to our adopted origin is then insignificant, and 
we find that, whatever the spectral type or the absolute magnitude, 
if the velocity of a star is great there is an avoidance of the first 
quadrant of the «y-plane.* No star of speed higher than 100 km 
is moving in this direction, a result in agreement with that found 
by Adams and Joy? for stars of high radial velocity. 

Different methods can be employed to obtain the constants 
of the frequency-functions. For all groups of stars except Group I 
we may use the ellipsoidal theory to represent approximately the 
distribution. We then disregard the asymmetry already alluded 
to and the excess of stars of high velocity which has been found to 
exist when a comparison is made with the distribution of velocities 
as given by Maxwell’s law. The first method was to use the 

t Dr. Merrill has called my attention to the fact that this asymmetry in the motion 
of stars of high velocity is also indicated by the high value of the solar motion as 
derived from Md stars and bright-line nebulae. The former have a residual radial 
velocity of 31 km and give a velocity of the sun of 56km (P. W. Merrill, Popular 


Astronomy, 29, 637, 1921). The latter have a residual radial velocity of 30 km and 
give a velocity of the sun of 29 km (Lick Observatory Publication, 13). 


2 Loc. cit. 3 Mt. Wilson Contr., No. 210; Astrophysical Journal, 54, 9, 1921. 


311 


GUSTAF STROMBERG 


-60 -50 -40 -30 -20 -l0 +10 20 450 440. 450) 00> 
Ma to Md M<2.0 
FIc. 5 


VELOCITIES OF STARS OF SPECTRAL TYPES FTOM 17 


trigonometric series already determined, and from the coefficients 
to derive the moments of first and second order. We thus diminish 
to a large extent the effect ef the higher velocities, although in a 
somewhat arbitrary way. 


The values of %, y, 2, x”, yx, etc., can be found from the relations 


kahytigh = { iat alymgn F (xyz)dx dy dz 
—¢1,/ —Ca_/ —C3 
Cx Cs C3 (9) 
pun Ht { F(xysz)dx dz dy 
—6z,/ —CaJ —C3 


From the trigonometric series we find 


a, 


te 2300 , 2500 te "—* Gnoo 
he Fata We 9) z n? 
Tg — 20304 F050 _ ayes 
A aaa 9 ere Eee oe 4 We "2 
Sy es oe 
eg Sra iis eh ks ip 


eae Sd [om tey.+(—ne ae 
n? 


tae fue (yet a] (zo) 


a 741 Qoon 
pa aaa ees Aeat)s a 


Opera Oe 
m+n 
Goon 4310 130 , Asto , 2330 , A150 —12mno 
pS ae ST LAL ite eo lo a ree 
mice. Ho sas ee eee mn? 
+n 
Ose Ta a a a 303 , Aros ES non 
oo = daqy — 2 — St 4 Set yO OOS (2) em 
16¢:¢; 9 Q 25 in A m 
m+n 
Qooor’? — a a Qosx , 2033 , ors —1 Lomn 
ne Oe cee ti ees Doria a ae +(—1) 2 mn? 
166263 9 9 "25 I 25 


From these moments we can determine the axes upon which we 
have to project the velocity-components in order to make the sum 
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of the squares of the projected velocities a maximum or a minimum. 
We thus obtain the principal axes of the velocity-ellipsoids, except 
for the effect of the stars ontside the planes +c,, +c, and +6,, 
which have been omitted. We should expect in this case to find 
the length of the axes somewhat smaller than if they had been 
computed directly from all the velocity-components. On the 
other hand, the directions of the axes can be determined with 


TABLE IV 


CONSTANTS OF VELOCITY-ELLIPSOIDS AS COMPUTED FROM MOMENTS 
AND REFERRED TO THE GALACTIC CO-ORDINATE SYSTEM 


CENTROID FROM CENTROID FROM 
eae VELOCITY CoMP. OF VeELocity Comp. oF 
Group oe STARS WITHIN Limits ALt STARS 

x y Z x y z x y Zz 
km km km km km |« km km km km 
1855 see Reena — 2.9 | + 3.0 0.0 — 4.3 | + 3.6 | +0.3 —11.9 | —14.8 | +1.3 
ee eee + 3.3 | + 2.0] +o.1 + 2.0 | + 2.0] +0.3 + 1.4] — 3.4} —2.2 
Lf 0 ae + 1.6} — 0.1 }] +1.3 + 0.6 | + 0.2 |] +1.5 — 1.7 | — 2.4, +0.8 
Ve ostnace occ + 3.8 | — 2.5 | +2.4 + 4.2 | — 1.9 |] +2.0 +1.8] — 5.4 0.0 
A iy Sy ne Ae + 5.5 | — 2.2] +0.3 + 5.7] — 2.0] +o.5 + 5.1] — 5.7 | +0.3 
4 ee ee —16.r | —12.4 | +1.3 —1I5.3 | —13.3 | +0.9 —1I5.9 | —16.9 | +0.2 

Mayor Axts OF INTERMEDIATE AXIS OF Minor Axis oF 
rel ELLIPsoip ELLIrsom ELLresorp 
ROUP 

L B a zp B b L B ¢ 
km km km 
Me oe oan 173° — 3 18.9 83° + 6° 5 238° +83° 8.9 
PD eee ccatentous 181 —2 25.2 92 +16 20.2 265 +74 15.6 
DVisac scares 158 +10 21.8 65 +16 18.8 280 +71 Teor 
Mites acest, os 147 +11 23.5 54 +14 19.1 275 +72 16.2 
1 Ste eae eee 153 +5 51.3 63 +5 32.3 285 +83 22.6 


higher accuracy than if the high-velocity stars had been included. 
In Table IV are given the co-ordinates of the centroid as computed 
from the trigonometric series. For comparison the co-ordinates 
of the centroid computed directly from the velocity-components 
are added, as well as the co-ordinates of the axes of the velocity- 
ellipseids. All of these results are in galactic co-ordinates. 

The moments, however, are affected to an unequal extent by 
smal! changes in the larger and smaller velocities, and furthermore 
we have arbitrarily omitted stars of high velocity. This effect 
may be quite appreciable since we have reason to expect an excess 
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of stars of high velocity compared with ellipsoidal distribution, and 
the influence of the asymmetry of the distribution may not be 
eliminated properly. Accordingly another method has been used 
which gives the constants of the ellipsoidal distribution directly 
from the observed number of velocity-components of definite size. 
Starting from approximate values of the constants of the function, 
we can compute corrections to these values from the differences 


~500 -400 -300 -200 100 


Fic. 7.—Projection on galactic plane of velocities of stars having speeds greater 
than 100 km per second. 


between the observed and the computed number of velocity- 
vectors terminating in different regions of space. In order to 
simplify conditions we have to start from axes of co-ordinates which 
nearly coincide with the principal axes of the velocity-ellipsoids. 
We assume the following form for the frequency-function: 


F(x)dx dy dz= Ke-S dx dy dz; S=hi#+/in? +e. 


Integrating between infinite limits, we have for a total of rooo stars 


+00 
3/2 
F(«)dx dy dz= K——-= 1000 
a ik 
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Thus 


Ka 100 hyhah; 


a 73/2 


The equation of the velocity-ellipsoid of Schwarzschild is then 


and for the axes of the ellipsoid, in other words, the dispersion (mean 
square deviation) along the principal axes, we have 


I I 4 


- V oh,’ V 2h’ V 2h; 


a 


We shall assume that the axes of the system of co-ordinates are 
approximately parallel to the principal axes of the ellipsoids. This 
assumption can be made in all cases except for the dwarf stars. 
For these a recomputation of the distribution has been made 
relative to another co-ordinate system turned through an angle of 
— 24° about the z-axis. 

The co-ordinates £, 7, ¢ in the system of co-ordinates which 
corresponds to the principal axes of the ellipsoids and the center of 
which coincides with the center of the ellipsoids are connected 
with the co-ordinate system used previously by the equations 


E=a,(%—%) +a, (y—40)-+a3 (2—20) 
n = Br(x— %0) + Bo (y— Vo) + B;(%— 20) (11) 
Y= 1(4— 40) + ¥2(y— Yo) +¥3(2—2o) 


%o, Yo, and 2 here denote the co-ordinates of the center of the 
ellipsoid; a:, a2, and a;, the direction cosines for the £-axis, etc. 
Assuming approximate value of h,, 2, h3, %0, Yo, 2 and a;=$.= 
Y;=+1; a=a,;=6:;=8;=¥:=Y¥2=0, we can compute the number 
of velocity-vectors that terminate in a parallelopiped limited by the 
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six planes «;, %2; V1) V2} 2x, 22, aS well as its derivatives with regard 
to the constants of the frequency-function. If , is this number, 
we have 


a na $a F 
n= K i e— lies asf e—hint dn i en istde 
& nt $x 


= 25 8 (&&) 8 (nro) 8 (12) (12) 


where 


é. - ATi a ‘a —# dt 
O(&:&) = Ne é L; O(nrn2) = eA é ; 


2 hiss 
O(S1h2) = it e—"dt. 


The orientation of the ellipsoid can be determined by three 
independent quantities L,, B,, and B,, of which LZ, and B, are the 
galactic longitude and latitude of the &-axis and B, the galactic 
latitude of the y-axis. These are all supposed to be fairly small 
quantities and correspond to small rotations about the z-, y-, and 
x-axis, respectively. 

The equations of conditions then take the form 


dn dn dn dn dn dn 
a, Alaa ae es aay, BT ge. AZo 


‘ : (13) 
nN N nN 
Dap eam Brt gp Bat nK=to—Mme ° 


The observed number m, is reduced to a total of 1000 stars. 
Since we wish to determine the constants of the function from 
the distribution of velocities within a limited space, and do not 
wish to impose the condition that the number of stars of very 
high velocity is in exact agreement with the assumed distribution- 
law, we add the term ,x. 


The expressions for the derivatives have been found to be the 
following: 
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(14) 


where &, &, m:, etc., are determined by equation (11). Using 
the products of the functions 0, ®, and W as coefficients, we secure 
a homogeneous set of equations of condition. 

The distribution of velocities for Group I cannot be represented 
even approximately by an ellipsoidal frequency-function. In this 
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case the sum of one ellipsoidal and one spherical frequency-function 
has been used, viz.: 


F (xyz) = wKye-S+ (1 — p) K2e—@ — 0) + 9 — 90)? + (2 20)"1 


p/(xt—p) is the relative proportion of stars belonging to ellipsoidal 
and to the spherical stream. 
The new derivatives in this case are 


dN, 2N; jase = 


dh Wah (aad) 


M=x*—%, V=y—-MN, etc. 
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We have then 


dN, dN, 
of GE Ait Se abt... +555, 


+e 2) 


EB ‘hte hate ye et ae 


dN, dN, aN” hs ? Ass | 


a Ap+Kkng=No— Ne « 
du 


The results of this computation are given in Table V. The probable 
errors in each case are given below the corresponding numerical 
values. According to the usual convention, that direction of the 
major axis is given which most nearly corresponds to 180° of 
galactic longitude in order to be comparable with Kapteyn’s 
first stream. ‘The dispersion along the two shortest axes in several 
cases is so nearly the same that only the direction of the major 
axis can be well determined. 
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The elements of the spherical stream of Group I are found to be, 


N= —Zl.1+1.4km 
YoU +I4.5#1.1 
Z=+ 3.0+0.7 
I 
a=———=8.1=0. 
V 2h : 


I—pw=0.185 0.028. 


Relative to the sun and in the equatorial system of co-ordinates, 
this condensation-point has the co-ordinates 


a=92°3, 6=+4%9, v=48.7km 
Boss’s value’ for the convergent point of the Taurus group is 
@=01-8, 6=+6%9, v=45.6km. 


We can thus identify this stream, which is superimposed on the 
general ellipsoidal distribution, with the Taurus stream, although 
these stars are scattered all over the sky. The percentage of 
stars belonging to this general Taurus stream is, as appears from 
the value of 1—y, 18.5+2.8 per cent of the stars of spectral type 
A7 to Fo and absolute magnitude 0.0 to 5.5. If we include in 
this group the nine recognized members of the Taurus stream which 
were omitted in the analysis, we find that 22 per cent of the stars of 
this type and absolute magnitude belong to the general Taurus 
stream. The spread corresponding to a dispersion of 8.1 km is no 
doubt due in part to errors in the quantities involved, but may also 
be due in part to an inherent dispersion of the velocities. Attention 
may be called to the fact that the dispersion of the velocities of the 
members of the Taurus stream has necessarily been estimated too 
low hitherto because of the selection of stars whose velocities are 
very nearly parallel. Even among the stars of type G there are 
several which belong to this general Taurus stream. This may be 


tL. Boss, Astronomical Journal, 26, 31 (No. 604), 1908. 
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seen from the form of the equi-frequential surfaces as well as from 
an inspection of the points in the diagram. 

In Table VI are given the same quantities as in Table V but 
referred to the equatorial system of co-ordinates, the center of 
the ellipsoids being referred to the sun. 


TABLE VI 


CONSTANTS OF THE VELOCITY-ELLIPSOIDS AS COMPUTED FROM THE 
DISTRIBUTION OF VELOCITY-VECTORS REFERRED TO THE SUN 
AND TO THE EQUATORIAL CO-ORDINATE SYSTEM 


CENTER Major Axis see Cra Minor Axis 
Group 
a 6 +] a 6 a 6 a 6 
km 

Dee ick ants 8420 —37°7 I5.2 go°2 Pe E SI: |b ke. ches. 5 cecil steel cacoes  eneeerovsi rere | stcheeeetere 
Wi eee Rea 88.0 —34.0 14.2 05-5 + 2.1 BuO +71.7 | 190.1 +18.1 
19316 Bees Ieee QI.7 —36.7 t7.5 104.8 ets! DO's lkicarcrsyace- oyall stevaraeetmasvel inne cere: surteinil tree ee ieee 
SO a ee 98.7 —35.7 16.8 89.4 Se) Mac GA cee PO bi cy nermets Iscooeiaut 
Wisthietne et cee 109.6 —29.5 18.2 I05.7 SAT SONS yay ory. coil cteloterexe seer. flovunste rei eee | eeeteteeetete 
NaBiemarcsetcreleistcis: oye 102.4 —24.6 37-4 92.4 +31.1 | 252.4 +61.8 | 181.6 — 9.4 


If we take the vectors opposite to those given in columns 2-4 
of Table VI, we have the velocity of the sun referred to the center of 
the velocity-ellipsoid. For the giant stars this velocity is appreci- 
ably smaller than the velocity of the sun computed from the mean 
velocity. This result is due to the asymmetry of the distribution 
of the velocities taken in combination with the different weights 
given different stars in the use of quantities of zero order (numbers) 
and of first order (means). If the solar motion is used for the pur- 
pose of computing parallaxes from parallactic motion, the velocity 
based upon the means of the components should be employed. 

Another consequence of this asymmetry is that the most fre- 
quent velocity does not correspond either to the mean velocity or 
to the center of the ellipsoidal distribution. From the diagrams 
we can easily estimate this most frequent velocity by determining 
the points of highest density of the general frequency-function. 
In Table VII these values are given both in galactic rectilinear 
co-ordinates relative to our adopted origin, and in equatorial 
polar co-ordinates relative to the sun. 
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TABLE VII 


Most FREQUENT VELOCITY-VECTORS 


Group x y 2 a 6 v 

km km km km 

1 Bin bee eee OMe: +9 +3 +5 100° — 33° 9 
TI sheac ge wet aw crete ae (eh at a piean! +1.9 00.4 | =3650 Tae 
Te Ore ean eye + 6.0 +4.9 +o0.4 75-9 —24.6 Tan 
LV ayes tgs rene + 5-8 +2.2 +2.0 88.6 —32.2 1355 
Vaseleceirircth se sei tees ae Lh) +1.0 +3.4 97.9 =—31.8 14.4 
Veo eee —19.0 —2.0 +1.2 98.8 | —17.4 Beg 
Giants (II to V)....] + 5.8 +2.7 +1.7 86.2 —30.8 13.4 


SUMMARY 


The three components of the velocities of about 1300 stars of 
spectral types F to M have been computed from the proper motions, 
radial velocities, and parallaxes. The following are the principal 
results of the investigation: 

1. The solar motion as derived from the algebraic means of the 
velocity-components is found to be dependent on the spectral 
types and absolute magnitudes of the stars to which it is referred. 
The giant stars of the later types give a somewhat higher declination 
of the sun’s apex than the giant stars of earlier types. The dwarf 
stars give a much larger solar motion than the giant stars, and, in 
general, stars of high velocity give a larger motion than stars of 
low velocity. 

The distribution of velocities of different groups of stars has 
been studied in different ways. The velocities are referred to the 
galactic system of stars and have been corrected for a standard 
solar velocity of 20 km toward the point a= 270°, 6=+30°. 

In order to learn the nature of this distribution a very general 
type of frequency-function has been used, which in reality is an 
interpolation formula in three dimensions. The function is a 
three-dimensional cosine-series in which the coefficients are deter- 
mined directly from the number of velocity-vectors within different 
limits. A very large number of terms has been determined by 
harmonic analysis, a synthesis has been made for the xy- and 
«z-planes, and curves of equal frequency have been drawn in these 
planes (Figs. 1-6 and Table III). From a study of these figures we 
can draw the following conclusions: 
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2. The giant stars of types F to M form a single group or 
“stream” with an approximately ellipsoidal distribution, the longest 
axis lying in the galactic plane“and nearly coinciding with the x-axis, 
the line of intersection of the equator with the galactic plane. The 
shortest axis is nearly in the direction of the galactic pole. The 
elongation of the velocity-ellipsoid is largest for the bright F stars 
and smallest for the late K and M stars, for which the distribution is 
nearly spherical. 

3. The most frequent velocity does not coincide with the origin, 
but for all groups of giant stars lies in the first quadrant of the xy- 
plane, and corresponds approximately to a velocity 13.4 km relative 
to the sun in the direction a=86°2, 6=—30°8. For the dwarf 
stars the most frequent velocity relative to the sun is 37.7 km in the 
direction a=98°8, 6=—17°4 (Table VII). 

4. Among the stars of spectral types A7 to Fo and absolute 
magnitudes o to +6 there is in addition to the general group of 
giants another stream the motion of which coincides with that of 
the Taurus group. These stars are scattered all over the sky and 
comprise about 20 per cent of the stars of the above-mentioned 
spectral types and absolute magnitudes. Even among stars of 
somewhat later types there are stars belonging to this general 
Taurus group. 

5. There is a marked asymmetry in the distribution of the 
velocities around the most frequent velocity-vector. Stars of high 
velocity show a tendency to avoid moving toward the first quadrant 
of the xy-plane. This asymmetry which is especially marked among 
the stars of very high velocity can be traced even among stars of 
ordinary velocity, thus producing a systematic difference between 
the most frequent velocity-vectors and the mean velocity. 

6. Neglecting this asymmetry, the constants of the ellipsoidal 
frequency-function have been computed in two different ways: 
First, the method of moments was used, the moments being com- 
puted from the trigonometric series previously determined (Table 
IV). Second, the constants were determined from the distribution 
of velocities itself, approximate values for the constants being 
assumed and then corrected by values computed from the difference 
between the observed and the computed number of velocity-vectors 
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terminating in different parallelopipeds (Tables V and VI). The 
values computed in this way differ somewhat from those computed 
from the moments on account of the difference in weighting. The 
asymmetry in the distribution produces different values for the ve- 
locity of the sun, according as the latter is computed from the 
distribution of velocities itself, or from algebraic means. The 
first necessarily gives the smallest value for the sun’s velocity, 
the latter the highest. 


In the extensive computation involved in this investigation the 
author has received valuable help from the following members of the 
computing division: Mrs. Hannah M. Marsh, Miss Ada M. Brayton, 
and Miss Florence MacCreadie. Dr. Jean Paraskévopoulos of 
Athens and Professor D. T. Wilson of Cleveland also have taken 
part in the computations. 


Mount WILSON OBSERVATORY 
June 1922 


326 


Contributions from the Mount Wilson Observatory, No. 246 
Reprinted from the Astrophysical Journal, Vol. LVI, pp. 205-317, 1922 


THE APPLICATION OF VACUUM THERMOCOUPLES 
TO PROBLEMS IN ASTROPHYSICS 


By EDISON PETTIT ann SETH B. NICHOLSON 
ABSTRACT 


Sensitive vacuum thermocouples.—Construction of the couple and cells is described. 
The couples were made of metal strips about 3 mm long, ;4y mm wide and $5 mm thick, 
each overlapping junction being fused to a blackened tin disk receiver, } mm in diameter 
and ;$ 5 mm thick, each couple weighing only about 45mg. The sensitivity with a 
high vacuum (10-4 mm) was found to be from two to eleven times the value at atmos- 
pheric pressure, depending on the couple. To maintain the vacuum, metallic calcium 
was used. With a sensitive galvanometer (5X10—-!0 amp./mm) the temperature 
sensitivity obtained was 8X10—5 deg./mm, in one case. The efficiency, however, was 
very low, only about ro—6 of the incident energy being transformed into electrical 
energy. An ideal heat engine would be a hundred and fifty times more efficient. 

Stellar radiation measurements.—M ethod of application of the vacuum thermocouple 
is described. The cell was mounted on a plate adapted to the Newtonian double-slide 
plate-holder of the roo-inch telescope, and connected by wires to a D’Arsonval galva- 
nometer in the basement where the deflections were recorded on a moving plate. Photo- 
graphic records of the deflections for Vega, Arcturus, a Herculis, and R Hydrae, with and 
without a water absorption cell, are reproduced (Plate VI). 

Applications of thermocouple to solar energy measurements already made are the 
registration (1) of spectral energy distribution, (2) of drift curves across the disk in 
various wave-lengths, and (3) of total radiation curves across sun-spots and faculae. 

Self-registering microphotometer is described in which the photo-electric cell is 
replaced by a vacuum thermopile. A suitable optical system enables the light through 
a slit 9 mm long to be integrated so as to eliminate the grain effect in the spectro- 
grams measured. 

Transmission curve for water, 1 cm thick, is reproduced. 

Optical system for sensitive galuanometer.—By placing a spectacle lens of 6 m focus 
at the galvanometer and observing the image with cross-hair and eyepiece, a power 
of 350 could be used and the scale read accurately to 0.1 mm at 8m. 


In 1895 Lebedew’ found that a thermocouple of iron-constantan 
was more sensitive in a vacuum than at atmospheric pressure. 
Since that time the thermocouple has been used both in vacuum 
and at atmospheric pressure by a number of physicists, for the 
study of radiation problems. The vacuum thermocouple has been 
applied to the study of stellar radiation with marked success by 
Pfund, and more recently by Coblentz. Pfund employed couples of 
95Bi+5Sn against 97Bi+3Sb, and Coblentz employed Bi against 
95Bi+5Sn and also Bi against Pt with success. The former? used 


t Annalen der Physik, 56, 12, 1895. 
2 Allegheny Observatory Publications, 3, 45, 1913. 
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charcoal heated by electric discharge, while the latter’ employed 
metallic calcium, to maintain the vacuum. 


FORM OF CELL EMPLOYED 


In the present investigation we have used the three types of 
cell shown in Plate V. After considerable experimenting type 3 
was adopted. The cell body and connecting tubes are made of 
Pyrex glass, the calcium tube C is of clear quartz, and the plug P, 
containing the platinum wires carrying the thermocouples, is of 
soda glass. The cell body A has an inside diameter of 42 mm and 
a wall 1.5mm thick. The quartz tube C (14mm inside diameter) 
is attached to the Pyrex tube by a ground joint and stop-cock 
grease, and sealed with red sealing wax. The metallic calcium is 
held in place by a wad of glass wool. The plug P carries three 
platinum wires to which two thermocouples are attached, at T. It 
is attached with a ground joint, sealed with stop-cock grease, and 
may be removed or replaced without destroying the thermocouples. 

The cell A is fitted with two windows, W,, W., of 1o mm clear 
aperture. The window W,, which admits the radiation to the 
thermocouple, is closed with a quartz window 1.5 mm thick, the 
junction with the ground surface of the lip being made with stop- 
cock grease and protected by a rim of red sealing wax. In type 2 
the window W, is of microscope cover-glass 0.12 mm thick. W, 
is closed with a piece of microscope slide-glass 1.28 mm thick. On 
looking through W, the thermocouple junction may be seen pro- 
jected against the star image or other radiation entering W,. 

The advantages of this design of cell are as follows: (z) large 
bearing surfaces at the ground junctions of the plug and calcium 
tube; (2) a minimum exposure of contact surfaces at the windows; 
(3) couples may be withdrawn or replaced within the cell without 
danger of damage; (4) the blackened surfaces of the couples may 
be exposed to either window by simply rotating the plug, thus 
enabling the cell to be adapted to various apparatus. 


PREPARATION OF THE THERMOCOUPLES 


The choice of metals for the couples is dependent on a number of 
physical properties, which may be briefly enumerated as follows: 
* Bulletin Bureau of Standards, 11, 185, 1915. 
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(x) high electrical conductivity; (2) high thermoelectric power; 
(3) low heat conductivity; (4) low coefficient of brittleness; 
(5) approximately equal melting points; (6) low specific heat. 

Of these six conditions (1) and (3) and also (2) and (4) are obvi- 
ously antagonistic in nature. Generally the relative specific coeffi- 
cients of thermal and electrical conductivity are nearly equal, and 
high thermoelectric power is associated with a crystalline struc- 
ture making for great brittleness. There is a considerable range 
in the constants for some of the metals, especially those of more 
crystalline structure. This is due principally to two causes: 
differing conductivity and thermoelectric power in axial and equa- 
torial directions, and impurities in the metal. Taking bismuth as 
an example, the thermoelectric power axially is 65 Xx 10~°V /deg. C., 
and equatorially 45 x10~-°V/deg. C. An impurity of 4 of 1 per 
cent of tin will reduce the thermoelectric power to o relative to lead. 
The thermoelectric properties of alloys have been investigated by 
Mattheissen, Tait, Becquerel, Hutchins, and others, and it is found 
that most of the metals investigated are very sensitive to changes 
in the relative proportions of the alloy. 

The current produced by the junction of a couple will depend on 
the thermoelectric power, p, the resistance, R, and the difference in 
temperature AT between the hot and the cold junction. The 
latter in turn depends on the specific heat of the junction, S; the 
mass, M; the quantity of heat, C, conducted away along the strips; 
the quantity C, conducted through the air; the quantity C, con- 
vected away; the quantity radiated, r; and the quantity incident 
on the junction, Q. 

Then 


r= FP 10-(C+C.+C+9)] (x) 
where J is the current and is a constant depending on the units 
employed. 

Obviously C,, C, may be eliminated by placing the couple in a 
vacuum. ‘Then, will depend only on the absolute temperature and 
C should be made as small as possible. In only a few cases, how- 
ever, will this be of any advantage, since C and KR are physically 
connected, and a decrease in C will correspondingly increase R. 
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The values of C and 1/R are both directly proportional to M, 
so that after a certain limit is reached, the only advantage in redu- 
cing M lies in the quickness of action of the couple in responding to 
changes in Q. Some advantage is gained, however, by placing at 
the junction of the two metals a thin plate of a third metal, func- 
tioning only as a receiver of the radiation and chosen so that the 
specific heat will be low. If the plate is very thin and M is small, 
then its conductivity is unimportant. 

The thermoelectric power, #, is itself dependent on the absolute 
temperature at which the thermocouple is working. Generally 
this is high for low temperatures and decreases for the higher 
temperatures, passing through zero and reversing sign at the ‘‘tem- 
perature of inversion.” Considerable advantage would be gained 
in operating the couple at the temperature, let us say, of liquid air, 
but the difficulties attending this modification of the apparatus 
have thus far prevented its successful application. 

We have employed chiefly the following metals: Bi, 95Bi+5Sn, 
Pb, Sn, Pt, Au, Cu, 806Sb+696Cd, Ag, 97Bi+3Sb, Te. When 
the metals are easily fusible, the simplest method of producing fine 
flat strips suitable for thermocouples is that first proposed by Pfund. 
About 10 gm of the metals to be fused and alloyed are placed in a 
Rose’s crucible and heated in a current of hydrogen, which prevents 
oxidation from destroying the ratios of the metals introduced. The 
molten metal is then dashed with all possible force perpendicularly 
on a large plate of window glass. The spattered metal is thus 
transformed into a spray of fine radiating wires. An abundant 
supply of strips o.co5 mm or more thick and 0.05 mm or more wide 
is thus obtained. 

The operation of forming the junctions is carried out on a large 
sheet of plate glass. As one must everywhere avoid adhesion when 
working with such small masses, the glass is kept warm by laying it 
on the planed surface of a large iron casting which has previously 
been heated. A sheet of white paper lies between the glass and the 
casting. 

Because of its low specific heat and melting point, tin or ordinary 
tinner’s solder is chosen for the receivers. Shavings of the metal 
are.rolled out into thin sheets; these are cut into narrow strips, 
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which are cut into small pieces by means of ascalpel. The latter are 
fused with a bit of rosin by touching them with a loop of nichrome 
wire heated by a current of electricity. This immediately produces 
a minute sphere of the metal, which when pressed flat by a plate of 
glass produces a thin disk suitable for the receivers. By trial it is 
found that a sphere o.15 mm in diameter can be pressed into a 
receiver 0.5mm in diameter, which is almost as thin as can be 
handled. It is easy to find the length of strip necessary for these 
spheres, which can then be produced in quantity. After several 
dozens of them have been fused with a bit of rosin, the latter is 
dissolved away with amyl alcohol and the disks made as needed. 
The operation of forming the couples, such as are shown in 
Figure 1, is carried out about as follows: The strips to be employed 
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Fic. 1.—Types of thermopiles and thermocouples 


are removed from the glass plates carrying the spattered metals 
by means of a razor blade attached to a convenient handle. These 
strips are first examined under a microscope to detect any defects 
which might weaken them, and then laid so that the ends overlap. 
One of the prepared receivers is then laid over the junction without 
rosin or other soldering flux. A strip of mica 12X30X.o2 mm, 
bent in the middle so as to keep the center raised 1 or 2mm above 
the glass is then laid over the junction and held down with the finger 
and two 10-gm weights laid close on either side of the couple to 
keep the mica in contact with it. The welding together of the 
junction and receiver is accomplished by touching the mica directly 
above the receiver with the electrically heated loop of nichrome wire. 
The loop must be heated just below redness and only the briefest 
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possible contact made with the mica. Only one junction at a time 
is welded, otherwise one may adhere to the glass and the other to 
the mica, in which case it is impossible to remove the mica without 
destroying the couple. 

The receivers are painted with a mixture of lampblack, two parts; 
platinum black, one part; turpentine, five parts; and alcohol, 
twenty parts. This paint, put on with a fine camel’s hair brush, 
forms a black mat surface which will dry quickly. 

In Figure 1 are shown five forms of thermocouple; A, B, and C 
are compensated junctions adapted to stellar observations, D and E 
are piles adapted to spectroscopic work, and F shows the method 
of mounting the couples on the platinum wires K, L, M. Forms 
B and C have been adopted for stellar observations, since the 
deflections may be doubled by shifting the junctions alternately 
on the star image as first applied by Pfund. In B the middle 
strip is folded into a U form in order to bring the junctions close 
together and leave a space between them, but for some of the more 
brittle metals which cannot be folded without breaking them, 
type C is used, where two short strips are welded together in 
V form. Type D is a pile which we have used on the registering 
microphotometer, and £ is another type of pile first employed by 
Rubens’ in 1898 for spectroscopic work at atmospheric pressure, 
and used more recently by Coblentz? in a vacuum. 

The platinum wires K, L, M (Fig.1, F) are flattened out on the 
free ends and solder is run over them on one side. After being 
washed in alcohol, the thermocouples are laid in place and small 
disks of solder, S, formed in the same manner as above described 
for the receivers, except that they are flattened out without first 
removing the rosin, are laid upon the ends of the couples where 
they cross the platinum wires at S. The solder on the platinum 
wires is then melted by touching it with the nichrome loop. 

The masses of the couples so constructed are exceedingly small. 
The mass of the entire couple A, B,or C is approximately 1, to 75 mg, 
while the mass of the portion heated by the incident stellar radia- 
tion is only o.or2mg. The metal strips forming the couple are 

* Zeitschrift fir Instrumentenkunde, 18, 65, 1898. 

2 Scientific Papers, Bureau of Standards, 17, 188, 1921. 
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each approximately 3 mm long and 0.008 Xo.10 mm in cross-section, 
and the receivers are } mm in diameter by 0.009 mm thick. The 
resistance of course depends 6n the metals employed, but generally 
is 8 to 20 ohms. 

VACUUM EFFECTS 


Lebedew* determined the law of sensitivity change with change 
in pressure for a constantan-platinum couple, and found that for 
the blackened couple the increase was 7.4 times and for the un- 
blackened couple 34 times, for the highest vacuum attained, esti- 
mated less than 0.0001mm. Pfund? found an increase of “‘six 
times,”’ and Coblentz’ a ‘‘four and one-half fold” increase. In the 
present investigation we have found increases of two to eleven fold 
for the vacuum effect. 

The effect of the vacuum on the sensitivity does not appear to 
be the same for all thermocouples, even of the same construction 
and materials, though the effect of differing materials seems to be 
the most pronounced. Graphs of the galvanometer deflection 
against the pressure for three thermocouples are given in Figure 2. 
It will be seen that the vacuum has little effect upon the sensitivity 
until the region of 1mm mercury pressure is reached. Then for the 
Ag-Te couple the entire increase takes place between 1 mm and 
0.01 mm, while the Bi-Bi Sn couple shows an increase of 20 per cent 
between 0.01 mm and o.coormm. From this it appears that the 
vacuum which must be maintained in order to keep the sensitivity 
constant depends on the metals employed in the thermocouple. 
Thus for Ag-Te couples a vacuum of 0.01 mm is sufficient; but for 
Bi-Bi Sn this vacuum would occur on a steep part of the curve and 
in order to insure constant sensitivity a vacuum of 0.0001 mm should 
be maintained. 

A general explanation of the character of the curve is easily given. 
It is known that the thermal conductivity of a gas is independent 
of the pressure until the region of 1 mm is reached, when it begins 
to drop rapidly to zero as the mean free path of the molecules 
becomes comparable to the dimensions of the container. 

t Annalen der Physik, 9, 209, 1902. 

2 Physikalische Zeitschrift, 13, 870, 1912. 

3 Bulletin of the Bureau of Standards, 11, 636, 1915. 
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The thermal conductivity also depends on the nature of the gas; 
for hydrogen it is much greater than for any other. This should 
make a thermocouple less sensitive in this gas than in air, say. 
Figure 2 shows how this effect appears in the sensitivity curves 
when this gas is employed. 


130 BISMUTH - BISMUTH +TIN (NO 19a) 


BISMUTH : BISMUTH + TIN(NO. 6a) 


CONSTANTAN : PLATINUM (LEBEDEW) 


GALVANOMETER DEFLECTION 


TELLURIUM : SILVER (NO 5) 
seen 
BISMUTH : BISMUTH +TIN (NO. 19 b) 


(0.0001) (0.001) (0.01) a) fe) (10.0) (100.0) (1000.0) P (mm) 
-4.0 -3.0 -2.0 =1.0 0.0 +).0 +2.0 +3.0 log P 


Fic. 2.—Variation of thermocouple sensitivity with pressure 


The use of metallic calcium to maintain the vacuum has been 
studied by both Soddy* and Coblentz.? The calcium is heated 
while the pump is in operation to remove the hydrocarbon vapors. 
We have found it necessary to pump a considerable time to remove 
these gases completely. After the vacuum has been raised by the 
pump to a desired limit, it may thereafter be brought back to this 
point by merely heating the calcium tube to a low red heat with 
a small electric heater or lamp. After the lamp is removed the 


t Proceedings of the Royal Society, A, 78, 429, 1907. 2Op. cit., 11, 625, 1915. 
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absorption of the gases continues for about twenty minutes until 
the tube has cooled considerably. 

Coblentz uses a dischafge between two platinum terminals 
inserted in that part of the tube connecting the calcium tube to 
the thermocouple cell, to test the degree of evacuation obtained 
while heating the calcium. Since our cells are made of Pyrex 
glass, it was not feasible to use sealed-in electrodes for this pur- 
pose; outside electrodes were therefore substituted. It was found, 
however, that after the discharge passed, the sensitivity decreased 
to about 30 per cent to 50 per cent and remained at this level for 
some hours. On opening the stop-cock to the pump, which was 
maintained at about o.cor mm pressure, the sensitivity immediately 
rose to normal again, and this could be repeated at will. Apparently 
the discharge did not produce a change in pressure, for none was 
detectable on opening the stop-cock to the gauge. On this account, 
the discharge test was discarded and tests of the sensitivity by use 
of a standard lamp were substituted. This is more satisfactory in 
another way, for it gives a quantitative test of the sensitivity which 
the discharge test does not give, and all that is necessary is to heat the 
calcium tube till the sensitivity rises to normal. 


SOME PROPERTIES OF VACUUM THERMOCOUPLES 


In thermocouples of these small dimensions some interesting 
properties were observed. Generally in a compensated couple, 
such as Figure 1 (A, B, C), the two junctions do not give the same 
deflections, i.e., the compensation is not exact. One case was 
observed in a couple of Bi-Bi Sn where the deflections for the two 
junctions were 125 mm and 25 mm and both in the same direction, 
the current flowing normally across the first junction and in reverse 
across the second. How this could occur we are unable to explain. 
As a rule, however, the compensation is so complete that, while 
observing star deflections, we can turn on all the lights in the 
dome, without disturbing the galvanometer. With this couple the 
Peltier effect was quite pronounced. When a deflection was ob- 
served with the first junction, the galvanometer mirror swung 
rapidly at first, then suddenly slowed down and crept up to maxi- 
mum over 8 or 1omm, but when a deflection was observed with 
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the second junction the galvanometer mirror over-ran its maximum 
2 or 3mm and returned to normal deflection after one or two 
seconds. 

The absorbing power of the black paint of course depends on 
the wave-lengths of the incident radiation, being somewhat greater 
for the shorter waves. Coblentz has found that the reflecting power 
of this paint is only about 2 per cent. Tests were made with both 
blackened and unblackened sides of the receivers turned to the 
window admitting the radiation. The ratio of deflections for the 
unblackened side to the blackened side was 3 tof. It was thought 
that the sensitiveness of the couple might be increased by blacken- 
ing, on both sides, the entire couple and strips except the receiver, 
but the effect was very slight. Several couples were repainted after 
testing, but this seemed to have little effect on the sensitivity. 

The efficiency of a thermocouple is exceedingly low. An 
approximate value of this quantity may be obtained from data 
relating to the sensitivity tests of No. 19, for example. This 
efficiency is the ratio between the electrical energy produced and the 
quantity of the incident radiation, expressed in the same units. If 
W is the wattage of the lamp, D its distance from the couple, r 
the radius of the receiver of the thermocouple, FR its resistance, z 
the galvanometer sensitivity in amperes, S the observed deflection, 
then the efficiency is 

poe () 


Now for No. 19, W=90, r=}mm, R=200hms, D=3000 mm, 
S=125 mm, i=4.75X10-* amp./mm. Hence, E=4.5X10~’, ie., 
only about half a millionth of the incident radiation actually 
produces deflection in the galvanometer. Of course we are 
assuming a uniform distribution of radiation about the lamp, 
and neglecting the heat convected away from it, as well as the 
absorption of the air through which the beam must pass. For a 
value of E so small, however, these quantities could hardly affect 
the order of the result. 

We may approach the problem in another way. The receiver 
of the thermocouple will continue to increase in temperature until 
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the heat lost and converted into electrical energy equals the amount 
being absorbed from the incident ray. The ratio of the heat con- 
verted into electrical energy to the total heat received is the desired 
value of E. As was seen in equation (1), since the thermocouple 
is in a vacuum, the only sources of lost heat are the quantity C, 
conducted away by the strips, and the quantity radiated, r. 

In order to determine these values, let us assume the tempera- 
ture at which the couple is working to be 20° C., and that a difference 
of 1° C. between the two junctions is produced by the incident radia- 
tion. Let us take couple No. 19 already cited. Since the area 
of the receiver is about $ X 107? sq. cm, and since, as already seen, it 
radiates about 3 as much from the unblackened as from the black- 
ened side, then Stefan’s law becomes 


r=$X1X10—-?X1.28X10—"(Tt— T‘) cal./sec.= 
3.4X 107 (T¢—T4) cal./sec. (3) 


and since 7,=293 and T= 292, then 
r=3.4X107 cal./sec. 


The amount conducted away varies directly as the cross-section 
of the metal strips A, and inversely with their length Z, the constant 
of proportionality K being the amount conducted through one 
centimeter cube in one second per degree centigrade. This con- 
stant for bismuth is 0.02 cal./sec. Since there are two strips 3 mm 
long at each junction, one of which contains only 5 per cent tin, 
we may compute the heat conducted through one strip and call the 
total amount just double this. Hence the amount of heat con- 
ducted away is 


C= aa cal./sec.= 20.02 X0.000008 X 3 cal./sec. 


=9.6X1077 cal./sec. (4) 


Now the amount of heat, /, converted into electricity, expressed in 
cal./sec., varies directly with the square of the thermoelectric 
power p, the square of the difference in temperature AT, and the 
reciprocal of the resistance R, the constant of proportionality being 
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the Joule equivalent,o.24. Since AT=1°C.,p =about 50 X 107 * volts, 
and R=20 ohms, we have 


_0.24(pAT)? 0.24% (50x 10~°)? 
Sea 


me cal./sec.=3<10—* cal./sec. 


I cal./sec. = 


The efficiency then is 


pie ed haa 3X 107" cal./sec. (s) 
~r+C4+I 3.4% 1077+9.6 X10-7+ 3 X10—” cal./sec. 5 


or 
E=2.3XI075. 


These low values of the efficiency computed here are in part due 
to the small range in temperature over which the thermocouple 
works. From the principle of Carnot’s Cycle it is known that the 
efficiency of the theoretically perfect heat engine is 

oh of ie a4 ih 


E= rh (6) 


The efficiency of the thermocouple, then, considered as a con- 
verter of available heat, may be obtained by multiplying the 
values of E found in equations (2) and (5) by the reciprocal of 
equation (6). For equation (2) the value of 7, is the room tempera- 
ture at which the thermocouple was tested, which was 293° C. 
absolute. The difference in temperature (7,—T) between the hot 
and cold junction for this thermocouple will be shown in equation 
(7) to be 16 X 107 deg. C. per mm deflection. Since in equation (2) 
the deflection was 125mm, then (7,—T)=2X10~”. The value 
then of T,/(7;—T) is 1.5104. Multiplying the value of E 
obtained in equation (2) by this coefficient, we obtain for the 
relative efficiency E=6.7X107%. For the value of £ in equation (5) 
T,=2093, T =292, which gives for the coefficient 2.93 X10. Multi- 
plying the value of £ in equation (5) by this quantity we obtain 
for the relative efficiency E=6.7X107%. It is, then, theoretically 
possible to construct a thermocouple one hundred and fifty times 
as sensitive as No. 19 considered here. 

Ganot states that Clamond’s thermoelectric battery of Fe-Sb Zn 
heated. directly with coal gas under favorable conditions has an 
efficiency of E=5 X1073. 
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Some attempts to prevent the losses by radiation have been 
made by placing the couple at the center of curvature of a hemi- 
spherical mirror, the radiatien being admitted through a hole in 
its center. We have not found it possible to apply this principle 
with the present apparatus since a slight displacement of the junc- 
tion would render the mirror inactive. Again this would be effective 
on only one junction. The effect of a hemispherical mirror would be 
to reduce the losses by radiation to that emitted by the unblackened 
surface of the receiver, which is approximately one-fourth of the 
whole amount. Reducing the value of r in equation (5) to one- 
fourth of its value, we obtain a value for EZ which is just five- 
fourths its original value. Hence we may say that the effect of a 
hemispherical mirror is to increase the sensitivity one-fourth, 
assuming the mirror to reflect perfectly and the central hole to be 
of negligible area. In the case of the stellar thermocouples, Figure 
1, B and C, the increase would be only one-eighth when the method 
of double deflections is used. 

It is of interest to know the temperature sensitivity of the 
thermocouple. ‘This may be determined from the current relations 
in the circuit. 

Let us determine what change in temperature of the receiver . 
will be required to give a deflection of 1 mm on the scale. If we let 

P=the potential produced in the circuit expressed in volts 
p=the thermoelectric power of the junction in volts 

i= the sensitivity of the galvanometer in amperes/mm 
R=the total resistance of the circuit 
At= the required change of temperature in deg. C. 
T=temperature of cold junction 


then all the constants are known for any particular couple. Let 
us take No. 19 cited above. Here # normally should be about 
150 X107~° V, but on account of the impurity of the bismuth, prob- 
ably it is not greater than about 60X10-° V. 1=4.75X107*° amp., 
R=20o0hms. Then 

Kee BIS OE 20. 


ener Fee ce 16X1075 deg. C. (7) 


and with a more sensitive galvanometer this figure could easily be 
pushed to one-millionth of a degree. 
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Since deflections of about 150 mm are employed ordinarily on 
recording apparatus, the difference in junction temperature must 
be approximately 2.4107? deg. C. at maximum working deflec- 
tion for the galvanometer employed. We may now form an esti- 
mate of the speed of action of the couple. 

We may state the speed of action in terms of the time required 
for the heat to travel from the blackened face of the receiver to the 
junction on the rear side and reach a state of steady flow. The 
increase At,=2.4X10~” deg. C. is that reached by the rear side 
of the receiver after the steady state is established. To deter- 
mine the.time required, it will be necessary to know the increase 
in temperature Af, of .the front (blackened) face also. This is 
given by 


U 


or (At,— Af,) = me (8) 
where W is the rate at which heat flows through unit cross-section, 
k is the conductivity, At,—At, is the difference of temperature 
between the two faces and wu is the thickness of the receiver in cm. 
Now W =(C,+R;)/A, where C, = heat conducted away along the two 
strips, R,=heat radiated from the rear face, and A is the area of the 
receiver in square centimeters. 
Now taking couple No. 19 again as an example, 


C:=AtC [where C is the value in eq. (4)] 
=2.4X107?X9.6X107~7 cal./sec.= 2.31078 cal./sec. (9) 


The amount radiated from the rear face is given by 
R,=}X4X107-7X1.28X 107-2 [(T+At,)4— T4] . (10) 
Let T= 293° C. then 


= <1. 25 X1Cu* 
15 


R, X2.4X10°=2.0X 1079 cal./sec.; 


hence the total loss is 2.5 x10~® cal./sec. and the value of W is 


W=2.5X107-*X 5X 10? cal./sec.=1.25X 1075 cal./sec. (11) 
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and from equation (8) 


Dees lOge Ome 


At,—Ai,= 
16X10? 


=7.8X 1078 deg. C. (12) 

This is the stable condition and is reached only after an indefinite 
period of time. Since Af, — Af, is insignificant compared to the value 
of At,= 2.4 X 107? deg. C., we may neglect it in the following compu- 
tation. Let us inquire what time will be required for the rear face 
to reach a temperature 99 per cent of the steady state, i.e., the time 
required for the thermoelectric current to reach gg per cent of its 
value under the influence of the incident radiation. We have 
Fourier’s equation for the flow of heat 


lo) 
Ab, 2 
=, =99X 1077 =—= ed I 
An 99 Al : B (13) 
ahy t 


Since u=1073 cm, /?=0.4, this gives us 


t=6.2X 1073 sec. 


It follows then that the lag of the thermocouple is negligible when 
applied to recording apparatus. If we multiply the equation (10) 
by the factor 4, we obtain the total radiation from both faces of the 
receiver. This gives us 8X107° cal./sec. as the loss by radiation. 
This is only one-third the loss by conduction along the strips, which 
is 23 X107° cal./sec. Hence the desirability of using substances of 
low heat conductivity for the strips. 


APPLICATIONS TO THE ASTROPHYSICAL PROBLEMS 


1. Stellar radiation problems.—To observe the total radiation 
from stars, the thermocouple is mounted on a plate provided with a 
low-power eyepiece and water cell which can be moved in front of the 
thermocouple or moved away by means of a lever on the face of the 
plate. The apparatus is adapted to the Newtonian double-slide 
plate holder of the 100-inch telescope. A four-wire cable 135 feet 
long connects the thermocouple with the galvanometer room in the 
basement of the dome. Two of these wires are used for the thermo- 
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couple circuit, and the other two connect the observer at the tele- 
scope with the observer at the galvanometer by telephone. The 
deflections are obtained by orienting the thermocouple so that the 
line connecting the two receivers is parallel to one of the guiding 
screws, and by shifting the receivers alternately upon the star 
image with a half-turn of this screw. 

In order to test the fundamental sensitivity of the thermo- 
couple during the observations, an electric lamp (100-watt ‘‘Peer- 
less”? mazda) is placed on a bracket in the Cassegrain plate holder. 
The light from this lamp is reflected from the Cassegrain flat 
to the Newtonian flat and is received by a small lens at the New- 
tonian plate holder and projected on the thermocouple. When 
not in use, the lens may be swung aside and the lamp turned off. 

Two types of galvanometer have been employed, viz., Leeds 
and Northrup high sensitivity D’Arsonval No. 2285, and more 
recently the Coblentz-Thompson galvanometer of the same make. 
Of the D’Arsonval galvanometers, two of different electrical prop- 
erties have been used. No. (1) has a period of 4.44 seconds, 
resistance of 9.1 ohms, and mirror sufficiently flat to use a scale at 
8m, which gives a sensitivity of 4.75X107*°amp./mm. No. (2) 
has a period of 6.5 sec., resistance of 17.4 ohms, and sensitivity of 
3-1 X10~*° amp./mm with scale at 8 m. 

This latter galvanometer had a mirror ;°; inch in diameter with 
very good figure when tested in the Pasadena laboratory, so good in 
fact that a scale could be read at 11m. When the galvanometer 
was taken to Mount Wilson and set up in the 1oo-inch dome at a 
temperature of 34° F., the figure became so bad that a scale could 
scarcely be read at 1 m, and the projected image of a lamp filament 
at a distance of 4m was a band 7 mm broad with sharp edges and 
dark center. On removing the galvanometer to Pasadena the figure 
was restored. The mirror was then detached and the beeswax 
which covered the entire back and was used as a cement to attach 
it to the moving coil was removed, and the mirror attached to the 
coil again by a bit of universal wax placed in the center of the back. 
This procedure effectually removed the annoying change in figure 
of the mirror, which has since performed admirably, although sub- 
jected to temperatures below freezing. 
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No. (1) was placed under a bell jar and subjected to variations 
in pressure. No change in sensitivity was observed, even when the 
pressure was reduced to 10%3mm. At this pressure the period 
was reduced 4 per cent, while an enormous drift was introduced 
which could not be removed even by grounding various parts of the 
galvanometer. 

Both visual and photographic methods have been employed to 
observe the galvanometer deflections. Visually two methods have 
been used. When the scale was at 8m the highest power tele- 
scope it was found feasible to employ was approximately 45. But 
by placing a spectacle lens of 6m focus directly in front of the 
galvanometer mirror and observing the image with an eyepiece 
with cross-hair in the field, a power of 350 could be employed 
advantageously, and the scale read with accuracy to tenths of a 
millimeter. 

When visual observations are made, the drift of the galvanometer 
is difficult to allow for. This drift can be reduced to a minimum by 
inclosing the thermocouple cell in a wad of cotton wool, and sur- 
rounding the galvanometer by a double wall box, the space also 
being filled with cotton. With this arrangement the observed drift 
of the D’Arsonval galvanometer is at most only 1 or 2 mm per min- 
ute, and is often absent. By taking the observations at regular 
intervals, keeping the star on the receiver in the meantime, an 
approximate value of the drift may be obtained. 

The method which we have adopted at Mount Wilson consists 
in recording photographically the deflections and drift. The pho- 
tographic plate 717 inches, or 8X10 inches, is carried by a slide 
moving in cast-iron ways, which is driven by a screw so that 
the film is always in the focal plane of a cylindrical lens of semi- 
circular cross-section, 3-inch aperture and 8 inches long, set with 
its axis at right angles to the motion of the plate. The image 
of a straight filament lamp, formed by the spectacle lens before 
the galvanometer mirror, is at right angles to the axis of the 
cylindrical lens. That portion, then, which the lens intercepts, 
will form a point image on the plate, which in turn registers the 
motion of the galvanometer. The plate is driven 2 cm a minute by 
a motor-driven gear from which a large range of speeds can be had. 
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Plate VI is a reproduction of photographic records of Vega 
(mag. o.1), Arcturus (mag. 0.2), a Herculis (mag. 3.0), and R Hydrae 
(mag. 8.0), respectively, made with this apparatus on the same night 
and reduced to one half the original scale. The larger deflections, 
on the left, for each star were taken without a water cell, those 
on the right with a water cell 1 cm thick interposed in the beam. 
The increasing absorption of the water cell with the advance in 
spectral type is well shown, as is also the increase in total 


PERCENT TRANSMISSION 
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Fic. 3.—Transmission of a water cell 1 cm thick, having windows of microscope 
cover-glass 0.12 mm thick. 


radiation for a given magnitude. The effects of poor seeing 
are well shown in the deflections for a Herculis without the 
water cell. 

The water cell employed in these observations consists of a brass 
cylinder 1 cm long with microscope cover-glasses 0.12 mm thick 
cemented to the two ends. The transmission curve of this cell, 
filled with distilled water, as observed with the thermocouple in 
the Pasadena laboratory, is shown in Figure 3. From the curve it 
will be seen that very little energy is transmitted beyond 1.1 p and 
none at all beyond 1.4 yw. It will also be noted that star deflections 
observed through the water cell cannot exceed 90 per cent of the 
deflections observed without it. 
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Mi Radiation transmitted by 
Total radiation water cell 1 cm thick 
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PHOTOGRAPHIC RECORDS OF GALVANOMETER DEFLECTIONS MADE BY 
STARS OF VARIOUS SPECTRAL TYPES 
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2. Solar applications.—The problems to which we have thus far 
applied the thermocouple may be listed as follows: (x) registration 
of the spectral energy curvevof the sun; (2) registration of drift 
curves across the disk in various wave-lengths; (3) energy relations 
across sun-spots and faculae. 

The apparatus employed in these investigations consists of the 
photographic registering apparatus already described. For study- 
ing the energy relations across spots and faculae the apparatus is 
mounted on the head of the spectrograph of the 150-foot tower 
telescope. The thermocouple is contained in a wooden case carried 
horizontally by a screw-driven plate, which is connected by a back 
gear to the driving shaft of the photographic registering apparatus. 
A paper-covered metal shield, perforated with a needle point, is 
attached to the thermocouple case directly above one of the receivers 
in such a way that the needle hole can be adjusted by means of a 
screw so that the light from the solar image passing through it will 
fall on the receiver. An aperture in the side of the case, closed by 
a cork, enables the observer to effect this adjustment. 

The spot is now brought by the slow motions of the coelostat in 
line with the pin hole, and the photographic registering apparatus 
set in motion. By means of the back gear, the ratio is so adjusted 
that the thermocouple is driven about 1 cm while the photographic 
plate travels 20cm. The galvanometer, which is set on an arm of 
the spectrograph head, is connected to the photographic registering 
apparatus by means of an aluminum box 1 m long, which shuts out 
the light of the room from the cylindrical lens. By this apparatus 
the total radiation curve across the spot is obtained. By rotating 
the spectrograph head, curves may be obtained across the spot in 
any direction. 


THE REGISTERING MICROPHOTOMETER 


In 1912 Koch first introduced the principle of the registering 
microphotometer, using a photo-electric cell and string electrom- 
eter as the registering device. The curves were photographically 
registered on a falling plate controlled by clock work. In 1915 
Stetson! modified the apparatus by substituting a thermopile and 


t Astrophysical Journal, 43, 253, 1916. 
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galvanometer for the photo-electric cell and electrometer, thus 
making the apparatus simpler and freer from the annoyances 
to which the photo-electric cell is subject. Stetson’s apparatus 
was read visually and was not a self-recording apparatus. In 
1921 Moll* applied the self-registering principle to the thermo- 
couple, the negative and plate being driven by hand. In both 
Stetson’s and Moll’s apparatus the thermocouple operated at atmos- 
pheric pressure. 

The new registering microphotometer now in use at Mount 
Wilson was built in the Pasadena shop after designs by Mr. Bab- 
cock and set in operationin1914. The photo-electric cell and string 
electrometer were employed by him as in Koch’s apparatus. The 
modifications introduced by Babcock consisted in (1) moving the 
plate by a motor-driven screw, (2) providing for plates 15 cmX 
100 cm, (3) introducing a gear shift between the moving microscope 
stage and plate screw so that a number of magnifications of motion 
between the negative and moving plate could be used, (4) use of a 
cylindrical lens in place of a slit before the moving plate, and (5) tak- 
ing all light used in the apparatus from one Nernst filament. The 
modifications introduced by us consist in (1) replacing the photo- 
electric cell and electrometer by a vacuum thermopile and D’Arson- 
val galvanometer, (2) the use of both sunlight and a nitrogen-filled 
straight-filament lamp as sources of illumination, (3) adding a 
second microscope for setting purposes, (4) introducing an adjustable 
second slit before the thermopile, (5) projecting an illuminated slit 
upon the photographic film as in Moll’s apparatus instead of limiting 
a large beam by means of a slit directly above the film as in Koch’s 
machine, and (6) the introduction of parallel silvered plates into 
the barrel of the microscope to increase the field of the objective 
and the deflections of the galvanometer. ~* 

Plate VII shows the machine as it is now used, arranged for solar 
illumination. The whole instrument rests on a cast-iron bed-plate 
AB, 12 ft. long and 28 in. wide, which stands on a cement pier. 
The photographic registering device C and the traveling microscope 
stage D are connected by the shift-gear box G and driven by the 
motor M. The plate carrier K carries the plate P horizontally 


* Proceedings of the Physical Society of London, 33, 207, 1921. 
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past the cylindrical lens Z, and is moved by the long screw Sc of — 
2mm pitch in the casting below. By means of two mirrors the 
image formed by the galvandmeter mirror is made to play up and 
down along the cylindrical lens, and thus the curves are produced. 
The microscope stage D rests on four steel balls and is driven by a 
screw of r mm pitch connected to the gear box G, in the same 
direction as the photographic plate P. By means of the gear 
box G the ratio of speeds between C and D may be varied from 
two to fifty fold. The microscope m contains at its upper end an 
adjustable slit S above which the thermopile T is placed. Lead- 
wires from the thermopile are connected with the registering gal- 
vanometer Ga on the bed plate of the instrument. A motor is also 
provided to drive the machine at high speed so that the plate may 
be returned to starting position when several curves are being 
compared. In this way all the runs may be made in the same 
direction, thus eliminating the lag of the galvanometer due to its 
period. 

In securing a curve representing the energy relations across a 
spectral line in a photograph, it is obvious that in order to avoid 

distortions of the curve it will be necessary to employ as narrow 
an element of the line as possible. This means, in effect, that 
the magnification of the microscope m should be large and that 
the second slit S, which limits the beam reaching the thermopile, 
should be narrow. ‘There is, however, a limit to the width of the 
slit S, since too narrow a slit will introduce irregularities due to the 
clustering of silver grains in the film, or dust and defects in the film. 
With the present apparatus these irregularities begin to appear 
when the slit width is reduced to about o.1 mm for the negatives 
employed. For very fine-grained plates this limit can of course be 
further reduced. 

In order to remedy this defect it will be necessary to integrate 
over a greater length of line than is available with Koch’s arrange- 
ment. ‘The device adopted to facilitate this is shown in the dia- 
gram of the optical system now employed (Fig. 4). Artificial light 
or sunlight passes through a condenser and falls on a slit S,, an 
image of which, formed by the objective O,, is projected on the 
spectral line L of the negative on the moving microscope stage. 
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An image of this illuminated portion of the spectral line L is pro- 
jected by the microscope objective O, on to the second slit S placed 
just in front of the thermopile 7. By means of the two parallel 
mirrors M,, M, the portions of the beam which would otherwise 


TO GALVANOMETER 


M, 


SPECTRAL LINE 
ON NEGATIVE 


5, ILLUMINATED SLIT 


Fic. 4—Optical system 
of the registering micro- 
photometer. 


fall outside of the field are thrown back 
upon the thermopile and become effective. 
From tests it was found that the 40 mm 
objective employed had fair field over 10°, 
so that a spectral line 9 mm long could 
be employed. By adjusting the length of 
the slit S,, or the distance from the mirrors 
M,, M, to the objective O,, the field may 
be limited to this value. The full lines 
indicate the path of the rays in the pres- 
ent arrangement, and the dotted lines the 
same for the arrangements of Koch and 
Moll. 

By adjusting the width of the first slit 
S:, only that portion of the spectral line 
L is illuminated which is included in the 
image which passes through the second slit 
at S. This device employed by Moll re- 
duces the scattering of the light in the film, 
but probably its greatest advantage is in 
eliminating the use of the first slit just 
above the moving plate at L, thus facil- 
itating the adjustment of the negative. 

When the thermocouple is employed to 
replace the photo-electric cell on the regis- 
tering microphotometer, no means is avail- 
able for compensating the apparatus against 
changes in the intensity of the illumination 
used. No mention of this is made in the 


descriptions of the apparatus employed by Stetson and Moll, who 
used storage batteries as a source of current for the illumination. 
While we cannot compensate the thermopile, we may, at the 
same time, however, register the variations in the illumination by 
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projecting a portion of the beam incident on the first slit S,, on a- 
second thermopile and registering the fluctuations in intensity on 
the photographic plate by means of a second galvanometer of the 
same period as the one employed with the first thermopile T. The 
results of investigations with the apparatus and methods here de- 
scribed will appear in a future paper. 


Mount WILSON OBSERVATORY 
July 1922 
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THE ELECTRIC FURNACE SPECTRUM OF IRON IN 
THE ULTRA-VIOLET, WITH SUPPLEMENTARY 
DATA FOR THE BLUE AND VIOLET 


By ARTHUR 5S. KING 
ABSTRACT 


Electric furnace emission and absorption spectra of iron in the ultra-violet, for various 
temperatures from 1400° to 2600° C_—This paper supplements one published in 1913 on 
the iron furnace spectrum from \ 3884 to \ 7208. Furnace emission spectra extend 
into the ultra-violet only as far as the continuous spectrum of a black body at the same 
temperature. It has now been found, however, that by using a very hot source, such - 
as a gas-filled tungsten lamp or a series of fine wires exploded by Anderson’s method, 
absorption spectra corresponding to either low or high temperatures of the vapor may be 
obtained extending to \ 2298 or beyond. The relative intensities in absorption spectra 
are the same as in emission spectra of the same temperature. A large number of 
spectrograms have been made in the first and second orders of a 15-foot concave grating. 
Tables I-III contain the temperature classification of 904 lines, 2298 to \ 3878, and 
the relative intensities in the arc and in high, medium, and low temperature furnace 
spectra, either emission or absorption, upon which the classification is based. For 
iron, the low-temperature lines, classes I and II, are well developed at 1600°, the 
medium, class III, at 2000°, and the high-temperature lines, class IV, at 2300°. 
About sixty lines, of various classes, are relatively very weak in the arc; they are denoted 
by LA, ILA, etc. A revised classification of 262 lines, \ 3884 to \ 4531, based on later 
spectrograms, is given in Table IV; and Table V contains a list of the most persistent 
low-temperature lines, the twenty-one from \ 3745 to A 4482 emitted by the vapor at 
1400°, as photographed by long exposure with a 1-meter concave grating. On Plate X 
a high-temperature absorption spectrum is shown between two arc spectra. 

Discussion of the significance of the temperature classification of spectral lines.—— 
Work with various metals indicates a parallelism between the successive temperature 
excitation stages and the radiation stages as the potential is increased in low-voltage 
vacuum arcs. For high boiling-point metals, the classification can perhaps be more 
readily made by the furnace method. To assist in the correlation of the two types 
of classification, elements which may have their spectra excited in either way should 
be carefully studied in both ways. 


A paper on the electric furnace spectrum of iron from \ 3884 to 
d 7208 was published by the writer’ in 1913. The present paper 
begins at the violet limit of the former investigation and extends 
the study to \ 2298, which is as far as it has been possible to obtain 
lines by means of the furnace. Within this range, the lines given 
in tables of arc wave-lengths are covered with reasonable complete- 
ness, the missing lines generally being very faint in the arc or of the 
enhanced-line type, both of these classes requiring, as a rule, the 
stronger excitation of the electric discharge. As in other studies of 


¥ Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 
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furnace spectra, the purpose has been to show the changes in relative 
line intensity through various furnace temperatures and into the 
conditions of the arc, and from these data to classify the lines accord- 
ing to the temperatures at which they first appear and their rates 
of growth as the temperature rises. 

The temperature stages for this purpose must be selected for 
each element according to the observed changes in its spectrum, and 
it is desirable that at each stage there be a marked change from the 
spectrum at the stage below. For iron, the low-temperature spec- 
trum was found to be well developed at 1600° C. and the plates for 
this group of lines were taken from 1600° to 1700°.__ For the medium 
temperature, at which another set of lines appears, about 2000° 
was used. The high-temperature spectrum develops at about 2300° 
and still higher temperature has little effect beyond increasing the 
reversals and giving general intensification. Nevertheless, tempera- 
tures of 2500° to 2600° were used for most of the high-temperature 
spectra, in order to obtain the full effect of the conditions corre- 
sponding to this stage. 

The same methods of classification have been used as in previ- 
ous studies, but an important new feature is the use which has 
been made of absorption spectra, obtained by methods described 
in recent papers,’ and by others still more recently developed. 

It was noted in the first paper on the iron spectrum, and has been 
many times confirmed for this and other spectra, that at a given 
temperature of the furnace the emission spectrum stops at a point 
in the ultra-violet somewhat short of the limit of the continuous 
spectrum given by a black body at the same temperature. A close 
approach to such a black body is easily obtained by placing a graph- 
ite plug in the central part of the tube and heating the furnace to 
the temperature previously used for the emission spectrum. 

A limit is thus set to the wave-length range within which the 
furnace at a certain temperature can give emission lines, and if 
appearance at this temperature is the criterion indicating that 
lines belong to a certain class, all lines of shorter wave-length auto- 
matically go into a higher class. It is often the case, however, 


* Mt. Wilson Contr., Nos. 174, 233; Astrophysical Journal, 51, 13, 1920; 55, 
380, 1922. 
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that the lines of shorter wave-length, when produced by the furnace 
at a higher temperature or in the arc, show no features that would 
distinguish them from thosé in the region given by the low- 
temperature furnace. This forced distinction, due to the fact that 
the furnace cannot emit beyond a certain point, was noted in the 
study of the spectra of calcium, strontium, barium, and mag- 
nesium.* 

In the present investigation, trials were made to see if iron vapor 
at low temperature would absorb radiation of shorter wave-length 
than it was able to emit. This proved to be the case. When a 
beam of white light from a very hot source was passed through the 
moderately heated furnace, iron absorption lines appeared as far 
in the ultra-violet as the solid body was able to build up a continuous 
spectrum; and by using successively hotter sources behind it, the 
furnace at 1600° C. gave absorption lines as far as 2298. The 
emission spectrum at this temperature ends at \ 3440, though this 
is due partly to the fact that for a considerable range below this, 
no low-temperature lines occur. 

There seems to be no reason why ultra-violet absorption lines 
obtained in this way should not be classed as low-temperature lines. 
A stellar spectrum produced by sufficient difference of temperature 
between the body of the star and cool iron vapor surrounding it 
should show no difference (disregarding atmospheric absorption) 
between these lines and the low-temperature lines of the visible 
spectrum. 

It has therefore been considered legitimate to use the absorption 
spectrum for a certain temperature stage as a means of extending 
the data beyond the point where the emission lines die out. This 
has resulted in a division of the tabulated lines into three sections. 
In Table I, from \ 2298 to \ 2808, the comparison is between the 
absorption spectra at high and low temperatures. Both of these 
extend to shorter wave-lengths than the corresponding emission 
spectra. At high temperature, however, it has been possible to 
force the emission spectrum to \ 2462. The relative intensities 
of emission and absorption lines with the furnace at high and low 


1 Mt. Wilson Contr., No. 150; Astrophysical Journal, 48, 13, 1918. 
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temperatures were so nearly the same as to justify printing only a 
single list. Table II includes data from ) 2813 to 43437. The 
high- and medium-temperature columns are for emission lines, but 
intensities of the low-temperature lines are to be obtained only from 
the absorption spectrum. ‘Table III, for the range d 3440 to A 3788, 
makes use of emission spectra at the three temperature stages, 
though in compiling it constant reference was made to the reversi- 
bility of lines as shown by their strength in absorption spectra. 


EXPERIMENTAL METHOD 


a) Furnaces.—Two electric furnaces have been employed. The 
first, in which the tube with its supports is inclosed in a strong 
cylindrical chamber, adapted for high pressure as well as vacuum, 
was used throughout the previous investigations. The other is for 
pressures not above the atmospheric limit, and consists of a heavy 
sheet-iron hood which is lowered upon a base-plate through which 
the connections for electric current and water pass to the supports 
of the furnace tube. These supports are hollow bronze blocks, 
water-cooled, and bored to hold cylindrical graphite bushings which ~ 
make direct contact with the tube. The latter is of Acheson graph- 
ite, and various forms have been used in special experiments, but 
the size regularly employed has been of 13-mm bore, 19-mm out- 
side diameter, and 30-cm length. The heated portion of the tube 
between the contact blocks is about 20cm long. A tubular water 
jacket of cast iron, of 17.5 cm internal diameter, surrounds the fur- 
nace tube, so that no cooling of the outer inclosure is required. 
This furnace, and also the older one, were usually pumped out to a 
pressure of less than 1 cm of mercury, but numerous experiments 
were made at atmospheric pressure. An illustration of this furnace 
with the hood raised is shown in Plate VIII. 

Iron in powdered form was placed in the heated portion of the 
tube. A preliminary heat was given at a temperature sufficient to 
melt the iron, which then stuck to the wall of the tube, probably 
forming a carbide. A supply of iron thus remained in place during 
the life of the tube, and no fresh charging was needed. The presence 
of air appeared to cause a more vigorous combination of the metal 
with the material of the tube. 
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Alternating current of from 10 to 30 volts was usually employed 
on the furnace tube; but in the later work, direct current from a 
500-kw generator was often used. This was especially useful in 
experiments with the furnace at atmospheric pressure, as the 
temperature changes caused by the thinning tube could be com- 
pensated by a close control of the voltage. 

b) Production of absorption spectra.—Three methods of obtain- 
ing absorption spectra were used during the investigation. A very 
useful method was to place a cylindrical plug of graphite near the 
center of the tube and observe the absorption produced by iron 
vapor in front of this plug. Very high black-body temperatures 
are obtainable in this way, the plug frequently being heated above 
3200° C., the highest temperature readable on the pyrometer. With 
this arrangement, however, it is a question as to the temperature 
of the vapor which absorbs. As in previous work with this method, 
the spectrum indicated a difference of about 400° between the plug 
and the absorbing layer, which would mean that the relatively cool 
vapor near the end of the tube is effective, while the main mass of 
vapor in the tube is too hot to give the required gradient. This 
method, especially when the tube was made thinner near the middle, 
so that the plug was much hotter than the main length of the tube, 
gave good results for the high-temperature absorption spectrum. 
An absorption spectrogram for which the plug was held at a tempera- 
ture of 3000° gave lines as far as \ 2447, the relative intensities 
showing no important difference from an emission spectrum at 
2600°. In another test, the emission spectrum at 2400° was com- 
pared with absorption spectra for which the plug was held closely 
at 2400°, 2600°, and 2800°, respectively. The 2800° spectrum was 
identical in all essential features with the emission spectrum at 2400°. 
At low temperatures, however, it is desirable to know as accurately 
as possible the temperature of the absorbing vapor. For this pur- 
pose it is best to use an open tube, the temperature of whose wall 
can be closely measured, and pass through the tube a beam of light 
from a source so much hotter that the vapor in the main section 
of the tube can be safely assumed to be in a condition to absorb. 
This was arranged by placing a goo-watt gas-filled lamp, operating 
at 30 amperes, behind the furnace, and directing its beam through 
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the tube. The rated temperature of the tungsten spiral in this 
lamp is 2900°C. To get the full benefit of the lamp in the ultra- 
violet region, a side tube closed by a quartz window was set in the 
bulb, which was then refilled with pure nitrogen. 

A third method was to use as a source of continuous spectrum 
the light from exploding wires inclosed in a block of wood. This 
has been shown by Anderson’ to give excellent absorption spectra 
of the material of the wire, extending far into the ultra-violet. Dr. 
Anderson kindly operated the explosion apparatus and the light 
was passed through the furnace heated at various temperatures. 
As it is nécessary to use metals giving as few lines as possible in the 
region to be studied, wires of aluminium and of lead were tried. 
The latter was most nearly free from disturbing lines, both of the 
metal itself and of iron impurities, and a number of furnace absorp- 
tion lines were added to the list obtainable by the other methods. 
The explosion method promises to be generally useful, the chief 
drawback, aside from the disturbing lines in the source, being the 
very large number of explosions required (on account of their almost 
infinitesimal duration) to build up a continuous spectrum with a 
high-dispersion spectrograph. 

c) Photography of the spectrum.—The spectrograms for the 
various furnace temperatures were made as far as possible with the 
vertical concave-grating spectrograph of 15-foot radius. All of 
the photographs used for the final intensity estimates were made in 
this way, except when wire explosions were used as an absorption 
source, a I-meter concave grating giving high intensity beyond 
d 3000 then being employed. The second order of the 15-foot 
instrument, giving a scale of 1.86 A per millimeter, was used as 
far as \ 2800, while the first order was used for the shorter wave- 
lengths. Many spectrograms, especially for low-temperature 
spectra, were made with the 1-meter spectrograph and used for 
checking those of the higher dispersion. These were particularly 
useful in deciding whether certain lines can be brought out at a 
given temperature, since a long exposure with this instrument may 
be depended on to show lines which with higher dispersion are under- 
exposed. 

* Mt. Wilson Contr., No. 178; Astrophysical Journal, 51, 37, 1920. 
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EXPLANATION OF THE TABLES 


Tables I, II, and III contain in the first column the wave-lengths 
of iron lines on the international system. ‘These are for the most 
part according to the measurements of Burns,’ rounded off to two 
decimal places, though in some cases values from the table of iron 
lines given by Kayser? have been used. Lines in the arc tables 
which are not given by the furnace even at high temperature are 
entered only when they offer a striking contrast with neighboring 
lines which in the arc are of equal intensity or even weaker, but 
which appear distinctly in the furnace. This rule is not followed 
closely in the region of wave-lengths shorter than \ 2500, where 
a large proportion of the strong arc lines are of polar type and are 
usually absent from the furnace spectrum. 

The arc intensities in the tables are graded so that a large pro- 
portion of the lines are given values comparable with those for the 
high-temperature furnace. In the ultra-violet, the arc spectrum 
taken close to the poles is very different from that emitted by the 
central region, and it is the lines of the latter which in the main 
make up the furnace spectrum. The photographs for estimation 
of arc intensities were therefore made with the slit across the image 
of the arc and about midway between the poles. For the arc, as 
for the emission furnace, “‘r” and “‘R” refer to degrees of reversal, 
while a line of nebulous structure is denoted by ‘‘n.” 

In the gradation of furnace intensities, ‘‘tr’’ indicates that a 
trace is visible on a strongly exposed spectrogram, while a line dis- 
tinctly outlined is given intensity “1.” Lines of strength above 20 
are likely to show some degree of reversal, and before this intensity 
is reached, the line has a softened appearance which may be mis- 
taken for faintness. Some plates out of the large collection for 
each temperature stage usually showed the true condition of the 
line. The scale for absorption lines was made as closely comparable 
as possible with that for emission lines. 

The ‘“‘arc type,” in the fifth column of Table I, refers to the 
relative strength of a line at the center and near the poles of the 
arc. Type ‘‘C” is strong in the center of the arc, while type ‘“C-P”’ 

t Lick Observatory Bulletin, 8, 27 (No. 247), 1913. 


2 Handbuch der Spektroscopie, 6, 896. 
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TABLE I 
TEMPERATURE CLASSIFICATION OF IRON LINES, A 2298-A 2808 
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TABLE I—Continued 


2742. 
2742. 
2742. 
2743. 
2744. 
2744. 
2740. 
2750. 
2753. 
2754. 
2754. 
2756. 
2757. 
27590. 
2761. 
2762. 
2763. 
2764. 
2760. 
2767. 


FURNACE FURNACE 
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Probably present at low temperature close to Pb absorption line. 
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Blends in arc with close polar line to red. 


.16 Some strengthening at pole in arc. 
-I9 Blend in arc with polar line to red. 
.76 Blend in arc with polar line to red. 


Blend in arc with polar line to red. 
Close blend in arc with polar line. 


Blend in furnace with 2719.04. 


Slightly strengthened at poles. 
Much enhanced at pole. 


Possibly blend with polar line. 


5.89 Strong throughout arc, enhanced at poles. 
-OI 
.60 
.50 Appears faintly in high-temperature emission spectrum. 
.58 Appears faintly in high-temperature emission spectrum. 
-45 


“06 Blends in arc with polar line \ 2724.89. 
.48-.61 Furnace line is chiefly \ 2735.61. 

.99 Strong throughout arc, enhanced at poles. 
-79 
7-32 : ‘ : : 
.73 Blend in arc with polar line to violet. 


indicates that the line is emitted with little change of intensity 


from center to pole. 


in the furnace spectrum. 
The classification of lines given in the last column of each table 
has been carried out in the same manner as in previous papers, 
except that class I B of the former paper on the iron spectrum is 
here replaced, as has been the case for the other metals studied, by 
class I. | 
Classes I and II are low-temperature lines, but those of class I 
maintain their strength at low temperature longer than do the lines 
of class II. These classes include practically all of the lines which 


Polar lines, denoted by ‘‘P,”’ are rarely visible 
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TABLE II 
TEMPERATURE CLASSIFICATION OF IRON LINES, d 2813-A 3437 


FURNACE FURNACE 
INTENSITIES INTENSITIES 
a ae . pe 
N- N- 
(1.A.) tTEen- | High-| Med.- pee Crass (1.A.) TEN- | High-| Med.- Toe Crass 


2929. 
29209. 
2936. 
2037. 
2041. 
2044 .40* 
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TABLE II—Continued 


FURNACE FURNACE 
INTENSITIES INTENSITIES 
. ee aa aaa eal - rate 
N- N- 
ten- | High- | Med.-| xOW- | CLASS (LA.) ren- | High-| Med.-| how: | Ctass 
sity |Temp.| Temp. Ah sity |Temp.| Temp. hee 


Emis- | Emis- 
sion | sion 


Emis- | Emis- sorp- 
sion | sion | *- 
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TABLE JI—Continued 


eee EE ET 


FURNACE FURNACE 
INTENSITIES INTENSITIES 
ee ae i : 
5 Low- en N- < Sh d,-| LOW- | Crass 
TEN- | High- | Med.- Crass _ | High-| Med. mat, 
(LA.) sity |Temp.|Temp. Toe (I.A.) TEN” | Temp.| Temp ae 
Emis- | Emis-| , orp- mis- | Emis-| ¢ orp- 
sion | sion | ‘ion sion | sion | “tion 
3 
: I ; 
: : IV 
d 6. 
Die wrscelere> 6. V 
4 a 6. 5 IV 
: 6 IV 
ei F E Pisddealenaeas 
: ? Ea Poet See Sea 
E j 6 Re Oaths aiptatvertere 
Penh ea ait ; Bi iv are dexatoetee 
: : OSB. erase bee ae 
: : ZEN Woo. cox IV 
; 5 : eal |b Mabe ig in a 
2 ; | saetec al. cree 
i : HE! [isso practete IV 
BeOS nab eile aa 3 tLe sewiks Une 
227 : Z é . Oh te see 
3276. oe . ane an BOLO CS teas 
ey ini Euan neoe ? Eh se CR hearers V 
3280. : il tier a lspose'c 
3284. 3 7 Re fe) ei 55 
3280. f fea (BB bs OY 
3286 : 7 EO" 1G Bien tere 
3288. c Cea acaer le Arie IV 
3201. c 3 YM eee a eo 
3202. : 5 EF, | steaey IV 
3292. * Eg Ue ore sie te!fle<swvatete IV 
3208. ‘ 5 fey rece IV 
3305. 2 15 UP Bea Til 
3300. : EBL! ||: teterovece | etree IV 
3307-24. ae F 2.) |icyers- eral IV 
3310. on es ° Io Pee oe Tit 
3314. : B®, all ie koo eters IV 
3317- : ve 2a eee Tit 
3319. 4 6 PW aes Til 
3322. Does wenevel| ements IV 
3323. c 5 bi ebseocho 6 IV 
3324. ; 8 iB Ai: seer Iil 
ERO Yasoaonbe F Beall dca/ssepetell eee IV 
3328. 7 5 Io © o|sceeee TITA 
3331. 4 6 tr oe onee IV 
Beane : 4 pa) see IIIA 
3337 F . see oa 8 6 sees Tit 
3339- : 6 2 Vieeeon Tit 
3340. IV 3431. Fogel PE | [Sees cen, A 
3341. . tS ras 5.0) chron 
3342. IV 
SS ee ee ee 
ar Go Ze Hien in a with pope te. 3002.65 Polar line. 
2880.76, 2883.73 Strong polar lines. _ 3092.79 Blend with strong Al line. 
oe) a Not a polar line, though absent in furnace. 3134.11 Blend Ni, but arc and furnace lines 
2044 : 40 chiefly Fe. 
2047 .66 Potaclines 3196.94 Blend Ni on red side. 
2040.21 g 3214.04 Apparently a close double with compo- 
ae 5 3 78 nents of equal strength. 
aobacks Blend in arc with polar d 284.7 3369.57 Blend Ni. Probable intensity of Ni 
2004.43--50 2904.43 is chief part of pee which line subtracted. 
shows in furnace asa reversed line with 3497.47 Probably double. 
violet side strongest. 3426.39 Double witht aint violet component. 
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TABLE III 


‘TEMPERATURE CLASSIFICATION OF IRON LINES, \ 3441-A 3878 
———ESESEeEeE—SS—LS>~ — SSS SS 


r FURNACE FURNACE 
NTENSITIES INTENSITIES 
N pe (Emissron) x oo (Emission) 
(1.A.) LEN ieee es oA Po Crass (T.A.) TEN- Crass 
SItY | High | Med. | Low SITY | High | Med. | Low 
Temp.| Temp.| Temp. Temp.| Temp.} Temp. 
BRAAOCOE £ jc, k%6. r5oR | r25R]| r2sR] rasr 
BAAOLOQN veces a 75R 75R| 75r 60 
BAAD BO on ca wn 5 4 gan Rr 
BAAS 68 5 «0s Gar 3 8 eet city acts 
HARE OS oases. ube 50r soR| sor 50 
3445.16 20 8 OM ares che 
BEAT CAS Ce Scinrs 8 6 Te AR Sess 
AS OSB Oc co Io 7 ; | (ea 
3451.62 2 de SOR Rema 
BAST OR cates oe < Io 7 TN anc 
oy a ae ees Io 12 8 I 
3458.31 4 Be DER tere [ie a's. we 
SASO-O8 sects t's 4 Ti Mieticrcrcdemiure ve 
BAO SO OCs cine. 2 ee Cerrar) Sree 
BROS aL wcncle ce: 2 Cpl Pree Wien te 
PRCERIC ORR. 2 clost Ya, 60r 60R| 6or 50 
3466.50. 3 6 Ae ee ote 
BAGO USE Sowa swe 4 Bee serie Sees 
3469 .83. 2 tay Perce pera aan 
3471.27. 5 By eG osisiftoe siosels 
18a 7 ROO TT et eee yeaceaee Ree 
SARA orcis. ccs yor 75R| 75r 60 
BATECOR cas nica 6 ae eos 
ce Oey 21 oe eee 40 4oR] 4o 40 
BASS OL i Wes orcs 3 6 5 tr 
BHOG GS Ace can as a 6 7 eae (oem 
SASG. OF ccc scaxs 4 Beat dace nares 
3400.58 Ioor rooR} 75r 75 
BAOS 20 chains acs 8 A PEE OPE akee 
BAGEL cv eks.sae Io 10 cae eee 
GAOT CE eekae ss 40 4oR} 4or 40 
BEOOUS Tink ow cio « 2 DON ee sieve scisce ws 
ete” 2) ae 2 WS Sere eve we els 
BSORcOWe os - = nace 2 EP iets sed laioca a 
500150. . 6. ace 6 A MMs Rt ye ollinis wie Fee 
BSOG- ADTs ce «<0 Sie ae Lo are Clcnnler 
BSE OR utcles soe 30 25R]| 20 Io 
BeTOWAT css «sie 5 Keo wen cll oases 
BG OT BO. a. 3, as 25 20R| 20 Io 
RIE OE c's cre vie « 2 7 ae) OP 4 ae 
SE TECOS <5 2 6 o: 3 Be ae calla laf vecsts 
Cie) Oe ae 4 6 Le pea (Perec ce 
ZRIO!-O2 cclaecis 3 I ea Peererme ilaveare ake 
BPR 20507 vcs +, sce. 20 30R]| 30r 30 
BRI ine ts dics 15 Isr Io 6 
3526.38 4 Be ha aioe late reaver 
BRIOCAY wd sae cod 4 5 Eee ec) 
BSIOROT Sarasierea> 5 Ae oe reydie call iaravors.074 
REBT BO. ca < dave 4 Be Baca daisies @acets 
BS2OROR ions cs 2 6 8 nl aratanetcte 
BE SORaS aie nwsie 2 Be Meee sled eels 
SESSEOO ss iehare.exss 5 AR Noms dll esate 
Besa eno eerarsaaa.0 Io / fe eee meee 
BBO 5 c.uic'.0\sre1 I5 Io tole ee ae 
BOS 7 bO wes sierersr< I DG yi seiere eye |eneicko are 
Gare ole ciate 3 Bill vero tere “alllosageie zee 
BEST eOOwaee scree 4 Mir We Gola ocu is/are srere 
BRACES ea <e ciere 3 Bei eter llsxoyesecs 
BSAO pass cxuves. « 3 8 Oe rreatae 
BEAR LOO nc save I5 Io teal ether tee 
BEAD OG a wscaie a I5 Io Teese 
BRAD CRA icice aiavars < I pe proce Wboce 
3545.64 5 >.) fer raed ee err sea 
BRAG ST. dicieno.e 4 4 2 a PS ree 
BEBAY EE wheisis ccs I ES ib steve wie\|tessicte iets 
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TABLE IlI—Continued 


FURNACE : FURNACE 
INTENSITIES NTENSITIES 
< ae (EmIsston) x anc (Emssron) . 
(1.A.) TEN2 |= eee Crass (1.A.) TEN- LASS 
SITY | High | Med. | Low SITY | High | Med. | Low 
Temp.| Temp.| Temp. Temp.| Temp.| Temp. 
i 
2 
3 
4oR 
3 
6 
ja 
tr 
8 
4 
3 
¥ 
tr 
9 
2 
2 
? 
Ir 
I 
4 
r00oR 
3 
20r 
Io 
40R 
2 
tr 
PO PIR baat nas PAS oajesy seed S| 6 
EVs sapere IV BUT oak cans: oo 3 2 
2. Naan dcberoon ice IV SILGLOA oc saat 250R | 300R 
TOR AA RAT See hee IV Sat 2a tae 2 2 
rooR] 75r 75 i I 
20r 25 20 IA I 
Io : pa eres Se IV 10oR 
BS i deetcea feet, IV 8 
5 Re Ne Re IV 4 
12 Bs reraetesoe IV 2 
Tok [eae inenie| ecasel keke IV 4oR 
PBF ek Ren el Paeenrcies 3 IV 2 
ge Secaserg (artes 5 EV; I 
UEP acixwatalieccteote IV 2 
1 oe ol Perea IV I 
6 Tae inset IV I 
Fe eel Batre IV Io 
TP Se coniseoiaee IV 80R 
CE easy teyavetacene IV r50oR 
A (iste a aE ett IV 4 
GES Nisin oral onan IV 200R 
an Boric Micoitoe IV 4 
8 feel Pini IV I 
P| esc Beckeee IV re 
a eer etic IV 2 
Deal cera lemeraede IV 2 
TP i Scketeate ees IV 3 
Lud RESET] eS cs IV 40R 
6 CEO Sass IV ? 
Lada lAiseanenn ets occ IV 3 
9 By Ween IV I50R 
Beato ieee IV 80R]| 8or 750 IA 
tooR} 8or 80 IA bien ies ott Siac oc, IV 
Xa” || s7een veil sterner 7 sae gelllaaeeee IV 
ERS it Ae eee 125R] roor | roor IA 
ED alias sere renee IV |) Grae IV? 
8 EY ealleatee aleve cerry oe s|l Gan (RP cae Won oaclics 0. IV 
20r 20 20 IA r25sR| 8or 50 IT 
Ee ilveetete IV 5? SPA eecanees Ill 
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TABLE I1I—Continued 


i FURNACE FURNACE 
NTENSITIES 4 INTENSITIES 
» aes (Easston) ‘ mee (Emission) 
(LA.) ren- | _ Chass LA.) TEN- Cease 
sity } High | Med. | Low siry | High | Med. | Low 
Temp.| Temp.| Temp. Temp.| Temp.| Temp. 


3508.49 Probably double. 
3573-84-.89 Blendin furnace. Violet component appears strongest. 
3521.20 


3558.52 ; ° 
3585.32-71 Become very faint at 1600°. 


3605.45 Blend Cr on violet side. 

3649.31 Between ClassesI and II. Weak at 1600°. 
3583.06 Blend V on red side. 

3703.56 Blend V. 

3743.47 Blend with preceding line. 

3748.49 Blend with preceding line. 

3753.01 Blend V. Probable intensity of V line subtracted. 
3786.18 Probably double. 

3807.54 May be partly V. 

3813.06 Blend with preceding line. 

3824.31 Blend with following line. 
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reverse readily in the furnace or in the are with moderate current. 
The distinction between the two classes will be considered further 
in the discussion. Lines of class III are absent or at least very 
faint at low temperature, and first appear distinctly at medium 
temperature. There is much variety among these lines, but a large 
proportion show a rapid increase in intensity through the high- 
temperature stage and under the conditions of the arc. Class IV 
lines require strong excitation and usually appear only at high tem- 
perature, though perhaps faintly at medium temperature. Most of 
the fainter arc lines belong in this class, but many lines of intensity 
10 or higher in the arc require the high-temperature furnace for 
their appearance. Class V lines appear in the arc but are absent 
from the furnace. Lines of this character are listed in Tables I-III 
only when they show considerable strength in the arc. Their num- 
ber is relatively few, since polar lines are seldom included, and, 
except for these, class V is made up chiefly of very faint arc lines. 

“A” after the class number denotes that the line is relatively 
weak in the arc. The selection depends to some extent on the 
average intensity adopted for arc and furnace spectra. In the 
tables, a line whose arc intensity is not more than half of that for 
the high-temperature furnace is placed in this division. 

An asterisk after the wave-length refers to a note at the end of 
the tables. 


REVISED CLASSIFICATION OF BLUE AND VIOLET IRON LINES 


Table IV contains 262 lines, from A 3884 to A 4531, which are 
within the range covered by the former paper. A revision of the 
classification seemed desirable to make this portion of the spectrum: 
uniform with the ultra-violet region treated in the present paper. 
This is chiefly on account of the change in the temperature steps, 
1600°-1700° now being used for the low temperature stage instead 
of 1800°-1900°. ‘Twenty-six lines not in the former list are included 
in Table IV, and ninety lines have their classes changed. About 
half of the changes are from class V to class IV, due to improved 
high-temperature spectrograms, which show distinctly many faint 
lines not obtained before with the furnace. Of the remaining 
changes, a few are due to errors incident to the first attempt at a 
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TABLE IV 


CLASSIFICATION OF TRoNn LINES, A 3884-A 4531 
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classification of this kind, but most of the alterations result from 
the new low-temperature stage. A line may retain at 1800°-1900° 
an intensity sufficient to place it in class I if this were the low 
temperature selected; but a temperature drop of 200° may weaken 
it so that it clearly belongs in class II, possibly verging on class IIT. 
Naturally some lines still strong at 1600° may weaken rapidly below 
this, and the most pronounced low-temperature lines reduce to the 
small number in Table V (see p. 370) emitted at 1400°. The 
1600°-1700° stage emits, however, a set of lines retaining fair 
intensity under as weak excitation as is ordinarily usable for the 
iron spectrum in the laboratory, and the high-temperature lines 
have had an opportunity to drop out in the range below 2000”. 

As the gradation of intensities for the lines included in Table IV 
is shown in the 1913 paper, it was considered sufficient in this 
revision to print the classes only. Beyond 2 4600 into the red, the 
later photographs confirm the earlier so closely as to classes that it 
seems unnecessary to go over the ground. 

Table IV is supplemented by a reproduction of this region in 
Plate IX. Three furnace spectra for temperatures of 2600°, 
2000°, and 1650°, respectively, are given with a strong arc spectrum, 
the latter just sufficing to show some of the more pronounced lines 
of the sort which are relatively stronger in the furnace than in the 
arc. The strong lines emitted in the furnace and not in the iron 
arc are due chiefly to titanium and vanadium. \ 4227 of calcium 
is strong in the medium- and low-temperature spectra. 


DISCUSSION OF RESULTS 


a) Distinctive features of classes I, II, and III.—The difference 
between classes I and II is not as decided in the ultra-violet as in 
the visible region and for many purposes the two classes may per- 
haps be considered together as the low-temperature group. In 
segregating the lines in this paper, the absorption spectrum at low 
temperature has been of much service. It was considered that 
lines appearing in absorption at a temperature as low as 1600° were 
at least in class IT, and those which maintained their intensity 
to the greatest extent were placed in classI. In the portion covered 
by the low-temperature emission spectrum, as far as \ 3440, the 
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appearance of the lines both in emission and absorption was con- 
sidered. The experiments of Hemsalech' with the flame spectrum 
of iron showed that, of the stronger lines, a portion are emitted with 
relatively high intensity in the outer mantle of the flame, while 
others require the stronger excitation found on the boundary of 
the cone. The lines of these two classes correspond closely, in the 
region common to both investigations, with classes I and II, respec- 
tively, of the furnace lines. The susceptibility to reversal in either 
the high-temperature furnace or the arc often distinguishes between 
these two classes. Of two emission lines having approximately 
the same width, one may show a wider reversal. In a low- 
temperature absorption spectrum it will be distinctly the stronger 
line. This indication that the line maintains its strength in the 
lower-temperature absorbing vapor distinguishes the class I line. 
The contrast between d 3734.87 and \ 3737.14 illustrates this point. 
The first, having in the arc much greater brightness in proportion 
to its width, is given the higher intensity. In the low-temperature 
furnace, the second is much the stronger. In the visible region, 
the quartet of class I lines AX 3920-3930 contrasts in the same way 
with the class II triplets having stronger lines at \ 4045 and A 4384. 

Class III lines, by reason of their absence from low-temperature 
vapors, do not show reversal in the furnace emission spectrum, and 
in the absorption spectrum, when the furnace is hot enough to 
absorb these wave-lengths, their weakness in comparison with lines 
of classes I and II is very pronounced. The rapid development of 
class III lines is the chief cause of the very different appearance 
of the low- and high-temperature spectra; while in the arc, the fact 
that the class III lines are often among the strongest in the spectrum 
and classes IV and V have become prominent makes the arc spec- 
trum of iron very different from that of the furnace. 

b) Lines appearing at 1400° C.—It may be of interest to record 
a list of the most persistent low-temperature lines of iron. By 
means of long exposure with a 1-meter concave grating spectro- 
graph, the emission lines listed in Table V were obtained. The 
furnace temperature was held close to 1400° C. The film was of the 
Eastman portrait variety, showing little sensitiveness beyond the 


t Philosophical Magazine, 33, 1, 1917. 
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blue. ‘The twenty-one lines which appear are all pronounced mem- 
bers of class I, except that a bare trace is visible of \ 4384, the 
strongest of the class II lines. The absence of the triplets to 
which \ 4384 and A 4046 belong is one of the striking features of 
this very low-temperature emission. ) 4376 is under these condi- 
tions the strongest line of the spectrum. 


TABLE V 


PERSISTENT Low-TEMPERATURE LINES OF [RON 


~ oN Intensity nN Intensity 
BTA Shek Ohne mats eceays I 3020.20).0n eee 8 
BS20 74 Gee ere I BO 22 Oo eerie 8 
BOOB AAS dense ts 2 3027. 04aae arias 8 
BS25 SO mah sae I 2030. 30s e eae 8 
Re hods| ORC hs hatlan tere 4 DB A ess Co Steger By 
SSS OO Laan cnke 4 43750 Sn a6 ace se) 
ovine as oes 5 BZ 83% Scans wer: tr 
BosOm20\are sansa 6 vse 3 ny eee ee 8 
AKOGa On oo boca 5 AAOTFO5 noes 4 
BSOO {Onis carte 5 BASD Lon ee 2 
3000 sA7 So 2a mek 2 


c) Lines relatively weaker in arc than in furnace.—In all of 
the furnace spectra thus far studied, attention has been drawn 
to this type. Such a line may be extremely weak in the arc and 
still strong in the furnace. The type may be found in any tempera- 
ture class and its occurrence points to a difference, as yet obscure, 
between the arc and furnace excitations. These lines, designated 
by “A” after the class number, may reverse at high temperature, 
in which case they remain strong at low temperature and belong 
in class IA. Those which do not reverse are of two types. The 
type prevailing in the ultra-violet usually.comes under class III A, 
becoming very faint at low temperature. The other type consists 
of IA lines, which are narrow at all temperatures, but remain 
strong at low temperature. These appear to be confined to the 
visible region, where AX 4200, 4258, 4291, 5225, 5247, 5250.2, 5255 
may be noted as conspicuous examples. 

d) Relation to arc types.—It has been noted that lines appearing 
in the furnace spectrum are likely, in the arc spectrum, to show 
strongest in the region of the arc away from the poles. It was 
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possible to photograph the spectral region below \ 2800, covered 
in Table I, so as to show this change from center to pole, as the 
astigmatism of the concave $rating is small for this part of the 
spectrum. Plate X reproduces a section of this region, a high- 
temperature furnace absorption spectrum being placed between two 
arc spectra, the upper being the integrated spectrum of the central 
and polar vapors, and the lower taken with the axis of the arc along 
the slit. In the upper strip it may be seen that some lines 
relatively faint in the arc, such as \2750 and \2756 are distinct 
in the furnace, being radiated chiefly by the vapors away from 
the pole, while the adjacent strong lines \2749 and 2755, with 
major emission at the poles, are absent in the furnace. Strong 
furnace lines are wide and frequently reversed in the hood of vapor 
above the center of a vertical arc, and fade rapidly toward the lower 
pole, where polar conditions are more concentrated. Lines of the 
intermediate type, designated in Table I as ‘‘C-P,” of about the 
same strength from center to pole, are usually present in the 
furnace, but relatively weaker than lines which are more closely 
confined to the center. 

d) Probable relation to ionization phenomena.—The trend of 
recent investigations has been to show a parallelism between the 
excitation stages given by different temperatures and those pro- 
duced by various voltages in studies of ionization potentials. As 
no work has been done with iron vapor as to the effect of different 
voltages, nothing definite can be said for this spectrum, but for 
metals which have been studied in both ways, there has as yet been 
no contradiction of the view that the two modes of excitation result, 
at corresponding points, in the same radiative processes. In 
other words, temperatures can be selected to bring out successive 
groups of lines in the same way that various voltages may be used, 
as in the recent work of Foote, Meggers, and Mohler... Onaccount 
of the high vaporization point of substances such as iron, the classi- 
fication of many spectra can be carried out best by the furnace 
method, but the close connection of the critical voltages with 
the quantum theory, in the results obtained by the voltage method, 
makes desirable a study of the correspondence for those elements 


t Philosophical Magazine, 42, 1002, 1921; Astrophysical Journal, 55, 145, 1922. 
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which may have their spectra excited in either way. The short 
extension into the ultra-violet of the furnace spectrum has pre- 
vented the observation of many important low-temperature lines 
as long as emission spectra only were employed. The methods 
here described for the production of the low-temperature absorption 
spectrum of iron can be applied with other elements to the grouping 
of their lines at various temperatures through the range from per- 
haps \ 2300 into the infra-red. 
Mount WItson OBSERVATORY 
August 1922 
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CHANGES IN THE SPECTROGRAPHIC ELEMENTS 
OF Y SAGITTARITE 


By JOHN C. DUNCAN 


ABSTRACT 

Changes in the spectrographic elements of Y Sagittarii.—A velocity curve of this Cepheid 
variable, derived from 17 single-prism spectrograms made at Mount Wilson and three 
triple-prism spectrograms made at Mount Hamilton in 1921, is compared with the curve 
derived from 26 single-prism spectrograms made at Mount Hamilton in 1908 (Fig. 1). 
Elliptic elements for both years are given. The velocity of the system is found to 
have changed from +3.6 to —5.9 km/sec., while the eccentricity in 1921 appears to 
be double its value in 1908. Other elements also seem to have changed, but less 
markedly. 

Y Sagittarii is a well-known variable star of the 6 Cephei class. 
The variability of its brightness was discovered by Sawyer in 1886, 
and that of its radial velocity by Curtiss in 1904. A preliminary 
velocity curve and elliptic elements, derived from observations made 
with the single-prism spectrograph of the Lick Observatory in 1908, 
were published by me in 1909.2 Last winter my attention was 
called by Mr. Joy to the fact that observations made at Mount 
Wilson in 1918 gave a velocity some twenty kilometers below that 
shown by my curve of 1908, and I then undertook a new determina- 
tion of the curve. 

The star was placed by Mr. Adams on the observing list of the 
60-inch and too-inch reflectors, and in the spring and summer of 
1921 seventeen one-prism spectrograms were secured. An approxi- 
mate curve derived from these observations showed unmistakably 
a velocity of the system several kilometers less than that of 1908. 
This difference seemed too great to be due to the use of different 
spectrographs and methods of measurement, but that question was 
nevertheless referred to Director Campbell, who very kindly had 
three plates made with the three-prism spectrograph and measured 
at the Lick Observatory, the dates of the plates corresponding to 
salient points of the curve. These plates agree very well with 


tRead at the Swarthmore meeting of the American Astronomical Society 
December, 1921. 
2 Lick Observatory Bulletin, 5, 82, 1909. 
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the Mount Wilson plates, and in the final determination of the 
elements were given additional weight on account of their high 
dispersion. Data concerning the 1921 plates, and also three plates 
made at Mount Wilson in 1918 and one in 1919, are given in Table I. 
Plates with numbers preceded by were made with the 60-inch 
telescope; by C, with the 1o0-inch. The phase (days since maxi- 
mum brightness) is computed from the elements of Hellerich.* 


TABLE I 

Plate . Date, G.M.T. J.D. 2420000+ | Phase Vel. O-C Wt 
YER LAS erect: 1918 July 19%1922™ 1794.807 | 3.912 0:0: |= T2er eens 
VMN T EGY ete ovata July, 21-17 27 £790.:727 | 02059 |—23.0) |-- Ole Wee 
gf GW2XN0ss ca c56k Aug. 17 16 20 1823.681 || 3.910 |-- 252° —1070) eee 
Pye 7 LO vyerepareies 1919 Sept. 13 15 00 22751025 )| 3 2a | — sense mero ert 
VALOOO 2 eranranten 1921 Mar. 17 o1 10 2766.048 | 5.244 |— 9.8 |— 1.6 it 
at OOM Users yer Mar. 18 of 05 2767.045 | 0.468 |—28.4 |— 5.9 I 
(Cs TOROS eo mae Mar. 20 00 42 2769.029 | 2.452 |— 0.9 |+ 4.3 I 
WLOOS Ss eeaieare Apr. 17 00 19 27907.013 | 1.569 |—10.0 |-+ 3.8 I 
AV ELON 2 fete eee Apr. 25 23 26 2805.976 | 4.759 |+18.7 I+ 3.4 I 
WaTOnS Ona cieerar INO ip DO Se 2807:2005. || E1005 |—59,, On — 2 I 
Cal OL OS ee ete May 25 19 57 2835.831 | 5-748 |—14.41+ 8.1 I 
VeLOLOO nw damiars May 25 20 45 2835.805 | 5.752 |—15.5 la 7-3 I 
WLOL{ Gun ae ee May 26 22 28 2836.936 | 1.079 |—25.9 |— 7.8 I 
ValO2OAay teres be June 15 22 07 2856.922 | 3.745 |+ 9.3 |— 0.6 a 
RYATO207 seers ore June 16 21 11 2857.883 | 4.706 |+10.8 I+ 3.4 I 
WLO2T Ona nts June 19 21 30 2860.896 | 1.946 |—10.0 |+ 0.2 I 
EVETO 2/2 Ueevay sre June 20 19 45 2862..823 | 22873 |— 3-9 |— 222 I 
WITO2 2200 shearer June 22 21 09 2863.881 | 4.931 0.0 |— 9.1 I 
CELI7 4 rion July 24 19 42 2895.821 | 2.232 |—10.4 |— 2.9 I 
CICK Sone era ee July 26 18 43 2897.780 | 4.191 |+15.0 |— 0.7 | 3 
Cer Sis earners July 26 18 54 2897.787 | 4.198 |+11.0 |— 4.8 I 
DLO AG Fe rile ons Oe July 26 19 07 2897.797 | 4.208 |+12.8 |— 3.1 i 
TACK Ws ata at Aug. 14 17 13 2910.717 | 0.035 |—21.5 |+ 1.4] 3 
Wickes tomes Aug. 16 17 06 2918.712 | 2.030 |— 8.6 |+ 0.8 2 


The velocity is in each case the mean result of measures by two 
or more observers. The residuals O—C are taken from the 1921 
velocity curve shown in Figure 1. 

Although the binary hypothesis of Cepheid variation is not uni- 
versally accepted, the usual elliptic elements seem still to be the 
best means for numerically representing the observed variations 
in radial velocity; and I accordingly give these elements, leaving 
their interpretation on the pulsation and other hypotheses to the 


* Inaugural Dissertation, Berlin, r913. 
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reader. Corrections to the preliminary elements of 1908 (except 
the period) were computed .by least squares. These corrections 
were in every case smaller than their probable errors. The period 
found from photometric observations by Hellerich was adopted. A 


Fic. 1.—Velocity curves of Y Sagittarii, 1908 and 1921 


least-squares solution was made for the elements of 1921, using the 
seventeen plates made at Mount Wilson and the three made at 
Mount Hamilton. The results are shown in Table II. 


TABLE I 

1908 IQ21 Difference 
P. MPR He cad ret tS ES Areca ech pe BB 20CRAAY So. | aatochancl merge eee 

| (Hellerich) 
gereer fatts cd as % | 19.3 0o.8km/sec. | 20.60.8km/sec. |-+ 1.3 1.2km/sec. 
Yo....+e+--+--($3-6% 1.2 km/sec. |—5.9+1.5 km/sec. |— 9.0 1.9 km/sec. 
CORPSE) See spicier ar | 43:013-8 74° 5=E 6.2 +31°5#15°1 
Boa Aptis ee ees | 0.2T= 0.04 0.42+0.04 +o9.21= 0.06 
JENS 5 3 ee Se | 4.51 0.21 5.05+=0.08 +0.54+ 0.22 
ERSTE tote cto | I 500 000 km I 354 000 km —146 000 km 
eet Sereal 0.0040 OFCOZO— A |teaneteteaee eee 
(mmx)? 
Gta te eee +2.4 km/sec. Seri aie cchbel @ ike ntaneen Gaotione mat 


The time JT of periastron passage is counted in days from the 
time of light-maximum. The interval from light-maximum to 
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velocity-minimum was 0.64 days in 1908 and o.19 days in 1921; 
the interval from light-minimum to velocity-maximum was 0.27 
and 0.72, respectively—the former interval having diminished and 
the latter increased, each by 0.45 days. The observations, and the 
velocity curves representing the above elements, are plotted in 
Figure 1. The Lick observations of 1908 are indicated by filled 
circles; those of 1921 by barred rings; the Mount Wilson observa- 
tions of 1921 by plain rings; and those of 1918 and 19109 by crosses. 

The most important changes found are those in the velocity of 
the system and in the eccentricity, which are so large as to leave 
little doubt of their reality. From the large negative residuals of 
the observations made near light-minimum in 1918 and 1919, one 
might infer that the curve has differed more from its position of 1908 
at some intermediate epoch than in 1921. It seems evident that 
the star will repay further observation. 

WHITIN OBSERVATORY 


WELLESLEY, MASSACHUSETTS 
February 1922 
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THE ABSENCE OF OXYGEN AND WATER-VAPOR 
LINES FROM THE SPECTRUM OF VENUS 


By CHARLES E. ST. JOHN anp SETH B. NICHOLSON 
ABSTRACT 


Absence of oxygen and water-vapor lines from the spectrum of Venus.—It has been 
generally assumed that the atmosphere of Venus is like our own, containing both oxygen 
and water vapor, but the spectroscopic evidence for this assumption is very doubtful. 
Recently spectrograms have been made with the Snow telescope and the Littrow 
grating spectrograph at times when the relative velocity of Venus and the earth was 
sufficient to separate completely corresponding lines produced by the two atmospheres. 
Special attention was given to the lines of water vapor near \ 5900 and to the bands 
a and B due to oxygen. No trace of any line due to the planet’s atmosphere was 
observed. It is estimated that in the path traversed by the solar light through Venus’ 
atmosphere there must be less than the equivalent of one meter of oxygen, less than 
one-thousandth of that in our atmosphere, and less than one millimeter of precipitable 
water vapor. 

Atmosphere of Venus—Various observational facts and theories concerning this 
atmosphere are discussed. Although the new data prove that there is no appreciable 
amount of oxygen or water vapor above the visual surface of Venus, nothing is definitely 
known about the elevation oi this surface above the presumably solid surface of the 
planet, or whether this reflecting layer is composed of cirro-strati, of haze, or of clouds 
of dust produced by violent atmospheric circulation. 


It has been generally assumed in the literature on planetary 
atmospheres that the atmosphere of Venus is similar to our own; 
in particular, that oxygen and water vapor are present. Secchi," 
1868, noted in the spectrum of Venus a nebulous band on the red 
side of the D line and also one to the violet, the 6 of Brewster. He 
observed these with Venus at a high altitude and when the air was 
so dry that he assumed that they were not of telluric origin. Hug- 
gins? had previously, 1863, studied the spectrum of Venus, Mars, 
Jupiter, and Saturn. Of Venus he says: 

The light of Venus gives a spectrum of great beauty. The line D was seen 
double, B, C, and numerous solar lines to a little beyond G, were distinctly 
visible; and the principal of these were measured and found to agree with corre- 
sponding lines in the solar spectrum. Lines other than these, and in the posi- 


tion in which the stronger atmospheric lines present themselves, were carefully 
looked for, but no satisfactory evidence of any such lines has been obtained. 


t Spetiri e Protuberanze, p. 24, 1869. 
2 Philosophical Transactions of the Royal Society, 154, 422, 1864. 
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The basis of the assumption permeating the literature on plane- 
tary atmospheres is found in the observations of Vogel.* Of his 
observations on the oxygen band at \ 6275 and the water-vapor 
bands at AX 5945 and 5925 he says: 

Die Venus stand bei den Beobachtungen so hoch, dass man nicht annehmen 
kann, dass unser Atmosphire einen merklichen Einfluss auf das Venusspectrum 


ausgeiibt habe, die Linien oder Streifen sind daher entschieden dem Venus- 
spectrum eigen und deuten auf die absorbirende Wirkung einer Atmosphiare. 


Scheiner? in his review of the question sums up as follows: 


There seems to be no doubt that the telluric lines appear stronger in the 
less refrangible portions of the spectrum of the planet than in the solar spec- 
trum. ‘There can therefore be no doubt that the atmosphere of Venus exerts 
an absorption similar to that of our own, and hence the nature of the two 
atmospheres must be similar... . . We may safely assume that the clouds of 
Venus consist of condensed aqueous vapor, thus again resembling those of the 
earth. 

Arrhenius? is still more specific and states that: 


The humidity (on Venus) is probably about six times the average of that on the 
earth or three times that in the Congo where the average temperature is 26° C. 
The atmosphere of Venus holds about as much water vapor 5 km above the 
surface as does the atmosphere of the earth at the surface. We must therefore 
conclude that everything on Venus is dripping wet. The vegetative processes 
are greatly accelerated by the high temperature. Therefore the life time of 
organisms is probably short. 


The fallibility of these older visual observations, in which con- 
clusions are drawn from estimates of the relative intensities of inte- 
grated groups of lines in the spectrum of Venus and of the moon or 
sky, is shown by comparing Vogel’s observations in the green region 
with our spectrograms of Venus and the sky. Vogel notes, among 
others, groups at \ 5216 and A 5251 as strengthened in the spectra of 
Venus, and Scheiner accepts the observations as definite proof of the 
similarity of the atmosphere of Venus and the earth. Arrhenius’ 
conception of supertropical moisture and luxuriance of vegetation 
is founded likewise on these older observations. These groups are 
resolved on the Mount Wilson spectrogram, Plate XI, and our 

* Untersuchungen tiber die Spectra der Planeten, pp. 10-16, 1874. 

2 Astronomical Spectroscopy, pp. 197-198, 1894. 

3 The Destinies of the Stars, pp. 250-251, 1918. 
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examination shows no strengthened lines in the spectrum of Venus. 
The lines of both groups are identified as iron lines of intensity 2 
and 3 on the Rowland scale.” The degree of dependence that can 
be placed upon the Mount Wilson spectrograms may be inferred 
from observations at \ 5293 of some lines which are marked Awv? 
and oo intensity in the Rowland table. These were clearly displaced 
in the spectrum of Venus, with no lines visible in the undisplaced 
positions. An examination of juxtaposed spectra of the east and 
west limbs of the sun confirms this evidence that the lines are 
entirely solar and not atmospheric. 

These older visual observations depended on estimating the 
relative intensities of integrated groups of lines in the spectra of 
Venus and skylight. Lowell’ suggested measuring the position of 
the oxygen and water-vapor lines to see whether they were affected 
by the Doppler shift, and V. M. Slipher obtained spectrograms 
of Mars and the moon and of Venus and the sky with a dispersion 
of 50A per mm at 6100A.2 Of the spectrograms of Mars, 
Lowell says: 


The results at first seemed significant. To the writer’s eye the shift of the 
solar lines under the microscope was perceptible though slight and in the shift 
the a band seemed to share. The lines of water vapor near D though present in 
both spectra were not strong enough to make much deduction possible. 


Of Venus he says, 


Here again eye estimates by the writer subscribed to a shift in the a band, 
the water vapor lines, very faint, concurring; . . . . As regarded differences 
in density, none was perceptible between either the Martian and the lunar or 
the solar and Venusian, either in the oxygen a band or the water vapor lines 
near D. Water vapor is probably non-existent on the illuminated side of Venus 
and extremely scarce on Mars. As for oxygen the results above show that the 
spectroscopic method is hardly a delicate enough one in this respect to decide 
the question. 


And Slipher remarks: 

Examination and measurement of them led to the same uncertain results 
as in the case of those of Mars. Although this attempt has failed to detect 
aqueous vapor in Mars and Venus, the conclusion should not be drawn that it 


t Lowell Observatory Bulletin, No. 17, 1905. 


2 Campbell and Albrecht in observations on Mars quite independently applied 
the Doppler-Fizeau method to a planetary atmosphere. Lick Observatory Bulletin, 6, 
11 (No. 180), 1910. 
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does not exist in their atmospheres, nor that it will always remain impossible 
to discover it spectrographically. 

This brief account reviews the spectroscopic evidence upon which 
the current views in respect to the constitution of the atmosphere 
of Venus were founded when we began our observations in March, 
1921, and indicates the extreme detail reached in their interpreta- 
tion. At the Berkeley meeting of the Astronomical Society of the 
Pacific in August, 1921, when we reported our results, Dr. Slipher 
also reported results of his recent observations in which he used rela- 
tive intensity as a criterion, and obtained similar negative results. 

; INSTRUMENTAL METHODS 

The spectrograms were obtained with the Snow telescope and 
the Littrow grating-spectrograph."_ To Professor Wood we are 
greatly indebted for the loan of a large grating very bright in the 
first order. It was ruled by Anderson and has a surface of 
95xX17omm. The dispersion in the first order of the 18-foot 
spectrograph is 3 A per millimeter. For the a band and the 5900 
region the plates were Seed 23’s, sensitized to red light by pina- 
cyanol. Ilford Special Rapid panchromatic plates, hypersensitized 
with ammonia, were used for the B band, A 6867. 

The wave-lengths of eight water-vapor lines near D and of 
seven oxygen lines in the a band were measured on five spectro- 
grams of Venus and on three of the sky, using I.A. wave-lengths 
of solar lines, corrected for motions, for standards of reference. On 
three of the spectrograms of Venus the wave-lengths of the water 
and oxygen lines were referred also to iron arc lines; the spectrum 
of the arc was put on intermittently during the long exposures on 
Venus. On a fourth spectrogram of the sky they were referred to 
the lines of a simultaneously exposed iron arc. The wave-lengths 
thus found were compared with the wave-lengths of the same telluric 
lines, obtained under much higher dispersion, given in Table I. 

From the variation among the differences, Rowland minus 
International (R—I in Table I), the relatively low accuracy of 
measurement of water-vapor and oxygen lines is apparent, even 
on spectrograms with a scale of 0.72 A per millimeter. For the 

* Mt. Wilson Contr., No. 208; Astrophysical Journal, 54, 381-382, 1921. 
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oxygen line \ 6278, which is double on the Mount Wilson plates, 
the mean wave-length of the two components is used for the com- 
parison with the Rowland value. In such a series of measurements 
as is presented in this paper, where the scale is 3 A per millimeter, 
a precision in the final means greater than 0.005 A is hardly to be 
expected. The results of the measurements are shown in the 
eighth column of Table II under AX, the Ad being the difference 
between the observed wave-lengths and those of Table I. 


TABLE I 
Wave-LENGTHS OF THE COMPARISON LINES 


Water Vapor* I.A. R-I Oxygenf I.A. R-I 

Salyer eee ten peed rae a Oneien 6278. TOOM se wane --0. 197 
ONG OTA mrckuoratecaaicgs 0.218 Si LoOs ae 0. 201 
SMOGR a teat cet ne ore On25 Si O03 ce aes 0. 201 

BOOOL OOK oes oe ek On2n Q2n 17 There ee acs 0.202 
BOOS O | ie herr tiogstes 0.218 25007 ree ce eeios ©. 203 
TQ. OF0.. eis. os os 0.214 OSa L860: cheats ©. 203 
2) ey {Oss ae eS 0.214 OSs00S ts mas. +o. 202 
RAO erate. =O. 200 


| 

* Mt. Wilson Contr., No. 223; Astrophysical Journal, 55, 36, 1922. 

+ Unpublished results by St. John and Babcock. 

Because of the dearth of reference lines, a different method of 
measurement was adopted for the oxygen lines in the B band, 
6867. The positions of nineteen oxygen lines in the spectra 
of Venus were compared with their positions in the spectra of the 
sky taken under similar spectrographic conditions. The scale 
readings of the solar lines on the spectrograms of the planet were 
corrected for the relative velocity of Venus and the earth. The 
average difference between these adjusted scale readings and those 
of the same lines on the sky spectrograms was then applied to all 
lines, thus bringing the readings of the solar lines into mean agree- 
ment on the two spectrograms. In the absence of absorption by 
oxygen in the atmosphere of Venus, the oxygen lines should now 
have the same scale readings in the two spectra; on the other hand, 
the presence of absorption should register as a displaced component 
of the oxygen lines, broadening or doubling them, according to the 
relative velocity. Spectrograms were taken with Venus east and 
west of the sun, the range in velocity corresponding to a Doppler 
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shift of 0.538 A. The results of the comparison are given in the 
eighth column of Table II, where the Ad for these plates is the 
difference Venus minus sky. 


OXYGEN 


Five spectrograms of Venus were taken in the region of the a band 
when the relative velocity of Venus and the earth was —12.8 km, 
the corresponding Doppler shift being 0.268 A to the violet, an 
amount sufficient to separate completely the terrestrial components 
from those of Venus. Although some solar lines of intensity 000 
are faintly visible on these spectrograms, no lines are observable 
where they should appear if produced by oxygen in Venus’ atmos- 
phere. The measured wave-lengths of the oxygen lines present 
on the spectrograms of Venus and the sky and the magnitude of their 
deviations from the wave-lengths of Table I show, moreover, that 
the oxygen lines produced by the earth’s atmosphere in the spectrum 
of the planet are not measurably shifted by blending with lines 
originating in the atmosphere of Venus and wide enough to overlap 
those of terrestrial origin. 

The B band is producible by a much smaller quantity of oxygen 
than the a band and therefore furnishes a more sensitive test. King 
has recently shown that 39.4 m of air at 72 cm pressure, equiva- 
lent to 8 m of oxygen, give the lines of the B band faintly. His 
solar spectrograms indicate that the lines of the B band produced by 
39.4 m of air are comparable in intensity with solar lines of intensity 
oo on the Rowland scale. On the spectrograms of Venus in this 
region lines of intensity 1 have about the same visibility as the 
limiting lines on King’s spectrograms. To obtain an estimate of the 
length of an oxygen column which would produce the lines of the 
B band with an intensity of 1, we have made use of a valuable paper 
by Jewell? on the variation of the intensity of water-vapor lines with 
the quantity of water vapor traversed and of the change in intensity 
of the oxygen line \ 6287.953 with zenith distance. Jewell deter- 
mined the intensities of Fraunhofer lines—ooo to 6— in terms of the 
Fe line \ 5930.406. Graphs from these data show that the inten- 


* Mt. Wilson Contr., No. 232; Astrophysical Journal, 55, 411, 1922. 
2 Astrophysical Journal, 4, 324, 1896. 
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sity intervals from ooo to 6 are roughly equal, and that the intensity 
of the water-vapor line \ 5919.860 is strictly proportional to the 
amount of water vapor traversed (Figs. 1, 2). A similar proportion- 
ality is shown to hold for the oxygen line \ 6287.953 and is assumed 
to hold for the oxygen lines of the B band. The interval from oo to 1 


Rowland Intensity 


0.0 O.2 0.4 0.6 0.8 iC 
Fic. 1.—Rowland intensities in terms of \ 5930 taken as unity 


Intensity of \ 5919 


0.0 
0.0 1.0 ZrO 3.0 4.0 5.0 inches 


Fic. 2.—Intensity at the zenith of \ 5919 (wv) in terms of \ 5930 (Fe) for various 
amounts of precipitable water in the atmosphere expressed in inches. 


is approximately 0.16 of the intensity of the Fe line \ 5930. This is 
equivalent to an increase in the length of path of 16 percent. Hence 
the lines of the B band would probably appear on the spectrogram 
of Venus if the absorbing column contained the equivalent of 9.2 m 
of oxygen under ordinary conditions of pressure. 

Two spectrograms of Venus showing the B band, March 24 
and March 27, 1921, were taken when the relative velocity was 
—10.68 km, the equivalent Doppler effect being —o0.245A. A 
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similar spectrogram was taken August 14, when the relative velocity 
was +12.44 km, the Doppler displacement being +0.286 A. With 
the scale of 3 A per millimeter, the doublets of the B group are 
widely separated, but in the interspaces no lines are visible, where 
lines due to oxygen absorption in the atmosphere of Venus should 
appear, though solar lines of intensity o are present. Whether 
lines originating in the planet would be completely separated from 
the terrestrial lines by shifts of 0.264 A and 0.286 A depends on the 
widths of the lines. It is evident that at most only a small amount 
of oxygen is traversed in the atmosphere of Venus, and lines pro- 
duced by it would be faint and narrow. On a plate of the B band 
taken by King with an air path of 39.4m, the mean width of the single 
lines iso.1g A. The mean width of these lines on spectrogram V 359 
is 0.27 A, and the Doppler shift +0.29 A, so that the edges of the 
lines would be separated by 0.06 A. Spectrograms V 301 and V 303 
are not so suitable for this purpose, as the continuous background 
is fainter and the lines somewhat wider and the Doppler shift smaller 
than for V 359. When, however, the positions of the oxygen lines 
in these spectrograms are compared with their positions in the sky 
spectrograms, the measures show a displacement of 0.003 A to the 
red, whereas the Doppler shift would be 0.245 A to the violet. On 
V 359, the measured displacement is 0.002 A to the violet, with a 
possible Doppler shift of o.286 A to the red. If, therefore, for any 
cause the lines of the B band produced by small amounts of oxygen 
on Venus are somewhat wider than those produced in the laboratory, 
the results show that there is no measurable influence of over- 
lapping of the edges of the terrestrial lines by undetected Venus 
components. 

The length of the path traversed through Venus’ atmosphere 
in a layer of a given radial depth depends upon the phase angle 
of the planet and the position on the disk of the point from which 
the light is observed. For a point on the line perpendicular to 
the terminator and limb, whose distance from the limb in units of 
the length of that line is d, the zenith distances of the earth, 2,, 
and of the sun, z,, are given by 

sin z-=1—d—d cos, 
2, =1—2¢ 
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where i is the phase angle. Table III gives the total length of the 
path traversed by the solar beam for different phase angles and 
different distances from the limb in units of the radial depth. The 
secant equation used here is of course not applicable just at the 


limb and terminator. 
TABLE III 


sec Ze+sec 2s 


70 100° 130 
— 
(Limb) foptoys eee east co or) 0 
ON TEP ON ore rags 3.0 Bea SoS 
Oni ai meus tote ae 2.6 Bee 4.8 
Os F xch aren aoe 2.4 Bek 4.8 
OA Mer nae tates els Be 5.0 
On Sara es aiseeeei ae 2.6 2.55 5.6 
OLO Medan 2.0 4.0 6.6 
oMy arkeeeionon Baas 5.0 8.2 
OnGuleicoestinerrs 4.7 6.9 mba) 
OF Ohana ayers 8.1 I2.9 22.9 
(Herminatonr)) ne08-.- setae oo co oo 


At the middle point of the visible disk, corresponding to the 
center of the spectral band, the path for plates V 301 and V 303 
was 5.2 times the radial depth of the layer penetrated, and for 
V 359 it was 2.5 times the depth. On the basis that lines of intensity 
1 would be produced by 9.2 m of oxygen, it follows for V 301 and 
V 303 that the quantity of oxygen traversed did not exceed the 
equivalent of a column 2m long under standard conditions. For 
light from near the terminator the path traversed in Venus’ atmos- 
phere is much longer. With the slit normal to the terminator, 
as in these observations, one edge of the spectrum corresponds to 
this longer path. For spectrograms V 301 and V 303 the path for 
the light at the point halfway between the center and edge of the 
spectrum was 7.5 times the radial depth of the layer. The edge of 
the spectrum shows no trace of oxygen lines due to absorption in 
the planet’s atmosphere. Absorption capable of producing lines 
of intensity 1 would be expected if an oxygen layer equivalent 
to 1m under normal pressure had been traversed in the passage 
through the atmosphere of Venus. As the oxygen in the earth’s 
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atmosphere is equivalent to a column 1500 m long, it follows that 
the oxygen in the path through Venus’ atmosphere was less than 
one-thousandth of that in the terrestrial atmosphere. 


WATER VAPOR 


Five spectrograms of Venus taken when the relative velocity of 
Venus and the earth was —12.8km, the corresponding Doppler 
shift being —o.252 A, form the basis of the investigation on water 
vapor. The relative velocity was sufficient to separate completely 
lines produced by absorbing gases common to both atmospheres. 
No traces of lines due to the planet’s atmosphere are discernible 
on the spectrograms. 

An upper limit for the amount of water vapor in the atmospheric 
layer on Venus penetrated by the solar beam may be found by the 
following considerations. Spectrogram V 282 was taken at mean 
zenith distance 76°. The average quantity of precipitable water 
above Mount Wilson is 0.69 cm* (the mean for the days of observa- 
tion was 0.72 cm). The water-vapor line \ 5919.860 was of inten- 
sity about 5 on the Rowland scale, and telluric water-vapor lines of 
intensity ooo and oo can be identified on the spectrum of Venus. 
Had a like quantity of water vapor been present in the planet’s 
atmosphere above the reflecting surface, the intensity of the com- 
ponent of \ 5919.860 due to Venus should have been about 4 as against 
5 for the terrestrial line, since the water-vapor masses traversed 
would have been 2.5 cm for Venus and 2.9 cm for the earth, the two 
respective paths being 3.6 and 4.1 times that for zenith distances o. 
For the point half-way between the center of the disk and the 
terminator the water mass traversed would have been 4.2 cm, cor- 
responding to solar intensity 7 for the water-vapor line \ 5919.860. 
These results are deduced from the graphs of Jewell’s data. Terres- 
trial water-vapor lines of 00 intensity are easily seen on the plate, but 
no line is visible 0.25 A to the violet of the terrestrial line \ 5919.860, 
in which position 0.7 cm of water above the apparent surface of 
Venus would have produced a line of intensity 7. As the water 
vapor traversed in the atmosphere of Venus was not sufficient to 
produce the line  5919.860 with intensity oo, there must have been 


t Annals of the Astrophysical Observatory, 3, 189, 1913. 
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less than 1 mm of water in the layer of the planet’s atmosphere 
traversed by the solar beam, for a line of intensity oo is produced 
by 16 per cent of the water vapor necessary for a line of intensity 7. 

Measurements of the wave-lengths of eight water-vapor lines 
were made on the five spectrograms of Venus and on four of the 
sky. The wave-lengths in Table I were obtained from solar 
spectrograms with a dispersion four times that used in this investiga- 
tion. For these closely crowded lines the mean excess of 0.008 A 
shown by the Venus measures in Table II, when they are compared 
with the values given in Table I, represents probably the systematic 
errors associated with the measurement of spectral lines not well 
separated and varying in intensity from time to time as is character- 
istic of atmospheric lines. The difference is positive, whereas it 
should be negative if there were a measurable effect due to partial 
superposition of lines produced by water vapor in Venus’ atmos- 
phere. 

DISCUSSION 


These observations indicate that the previous spectroscopic 
evidence for oxygen and water vapor in the atmosphere of Venus, 
depending upon visual observations of a change in line intensity, is 
not reliable, that in fact there is no acceptable spectroscopic evi- 
dence of the presence of either. On the other hand, they do not show 
the complete absence of water vapor and oxygen from the planet’s 
atmosphere, but that, to the depth penetrated by the solar beam, 
they are not present beyond a definite low limit. 

Previous to Russell’s' investigation in 1898 the accepted view 
as to the extent of Venus’ atmosphere made it much denser than our 
own.? Russell showed that the prolongation of the cusps, formerly 
attributed to refraction, was mainly due to diffuse reflection of light 
by the planet’s atmosphere. He concluded that the horizontal 
refraction at the apparent surface cannot exceed 12’ as against 
34’ for the earth, and that there is no satisfactory evidence that the 
atmosphere of Venus at the apparent surface is more than one-third 
as dense or extensive as the earth’s at sea-level. The entire height 
above the apparent surface he thinks may be thirty miles as com- 

1 Astrophysical Journal, 9, 284, 1899. 

2 Young, Manual of Astronomy, p. 356, 1912. 
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pared with the earth’s forty, thus implying a pressure at this surface 
of perhaps one-tenth that of the earth’s atmosphere at sea-level. 
He attributes the prolongation of the cusps visible in daylight to a 
hazy layer of fog or dust lying below the 4100-foot level, a haze- 
bank whose upper boundary presents a more or less abrupt decrease 
in haziness, and whose lower portions may at times be obscured by 
low mountains, evidenced by irregularities in the thin circle of illumi- 
nation on the side opposite the sun when Venus is at inferior con- 
junction. 

A. W. Clayden™ makes a strong presentation of the view that 
Venus has a moisture-laden atmosphere as dense and extensive as 
that of the earth. He decides on a long period of rotation, but one 
less than 225 days. He assumes that a high and heavy layer of 
pillared cumuli covers the cyclonic areas of low pressure and rising 
vapor, that over the regions of greater pressure the anticyclonic 
circulation results in lower detached masses of cumuli between 
which we see perhaps the shaded surface of the planet, and that a 
filmy veil of cirrus produces the prolongation of the cusps. 

If, as suggested by Russell, the pressure at the visible surface is 
only one-tenth of an atmosphere, then the atmosphere of Venus 
is much poorer in oxygen than the earth’s atmosphere, as the 
quantity of oxygen in Venus’ atmosphere above the visible surface 
is less than the equivalent of 1 m, while in our atmosphere above 
the level of similar pressure there are 104m of oxygen. If the 
reflection takes place at the upper surface of a 4100-foot haze-bank, 
which Russell suggests may be partially cut off at times by low 
mountains and therefore may not be far above the actual surface 
of the planet, then the oxygen above this low level is less than one- 
thousandth of that in the earth’s atmosphere above Mount Wilson, 
elevation 1739 m. 

If, on the other hand, it be assumed, as by Clayden, that the 
atmosphere of Venus is similar in composition and extent to ours, it 
follows that the reflected sunlight has not penetrated to a point 
less than 43 km from the real surface of the planet and has traversed 
but an insignificant path through its atmosphere, since in the earth’s 
atmosphere there is above the 43 km level the equivalent of a meter 


t Monthly Notices, 69, 195, 1909. 
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of oxygen under normal pressure, an amount capable of registering 
on our spectrograms. The question of the depth to which the solar 
beam penetrates the planet’s atmosphere and the probability that it 
reaches a point much nearer the real surface than 43 km are con- 
sidered in detail in the discussion of water vapor. 


TABLE IV 


AMOUNT OF OXYGEN ABOVE A GIVEN ELEVATION 


Elevation Pressure Oxygen 
=) Yk mm m 
OSS ecm eselerere reat 760 1490 
15 dicate lapetia atlecer-teaueeat ae OES 405 722 
LO Madava astocah gee emeeraer ary 201 324 
DS Aha staan tava cee go 135 
BORING Suk Conte neen Lae era 41 54 
DS Naxascha.oSe eiaee eons 19 23 
30, ciate ceotan ese PoToe vee cede 8.6 I0.0 
BG e aise cue suecueeue teens ele Bate: Ae 
7 ONAN Pare REA SE irs ttc 1.6 1.76 
ASR careetiae seaeiats mt aie etal 0.85 0.73 
BOK availa rcs setae ese Ge oueve taketh ©.40 0.30 


Any conclusion as to water vapor must rest upon the nature 
and temperature as well as the elevation of the apparent surface 
at which diffuse reflection takes place. The high albedo has been 
considered evidence of a cloudy surface, but the equally high 
reflecting power of Vesta indicates that this evidence is not defini- 
tive, since for Vesta there is no question of a cloudy surface. Rus- 
sell’ gives a Bond albedo of 0.59 for Venus. Using 65 per cent as 
the reflecting power of a cloudy surface, Abbot and Fowle? found 
0.60 as the corresponding albedo for a cloud-covered earth. Aldrich, 
under more favorable conditions of observation, obtained 78 per 
cent as the reflecting power of clouds, from which the albedo cal- 
culated in the same manner is 0.75 for a cloud-covered earth. 
Russell says that the Bond albedo A should not be used for compari- 
son with the observed reflecting power of terrestrial substances, 
but a quantity », which he defines in an article on the albedo of 


t Loc. cit., p. 190. 
2 Annals of the Astrophysical Observatory, 2, 161-163, 1908. 
3 Smithsonian Misc. Collections, 69, 10, 1919. 
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planets and satellites.. For Venus ? is 0.49 while for clouds it is 
0.78. Both the reflecting power and the Bond albedo are con- 
siderably less than would be expected if Venus is completely cloud 
covered. 

The conditions of Venus’ atmosphere depend in large measure 
upon the period of rotation, the temperature, and the temperature 
gradients, all undetermined quantities. The period of rotation is 
quite probably not less than fifteen days, the limit shown by Slipher’s 
observations with which our own agree. With a period of rotation 
equal to that of the orbital revolution, it is reasonable to assume, 
as Arrhenius suggests,? that water vapor and all other constituents 
of an atmosphere would collect and be congealed on the side of the 
planet turned away from the sun where a temperature near absolute 
zero would prevail. But the illumination of the whole circumfer- 
ence of the disk when Venus is at inferior conjunction, attributed to 
scattering and refraction, shows the presence of an atmosphere of 
considerable extent. These considerations give grounds for assum- 
ing that the period of rotation is shorter than that of the orbital 
revolution and hence is between the extremes of 15 and 225 days. 
For an intermediate period of rotation, an atmosphere would be 
present over the region of insolation, subject probably to violent 
disturbances near the terminator. This would be in harmony 
with Quenisset’s? observations, both photographic and visual, of 
extensive and rapid changes in the obscuring envelope, indicating a 
shallow atmosphere. 

The region of maximum cloudiness in the terrestrial atmosphere 
is mainly below 4000m,‘ coinciding roughly with the average 
altitude of the zero isotherm, which is 3000m.5_ The correspond- 
ing region of cloudiness in the atmosphere of Venus would be where 
the temperature and humidity conditions are similar. According 
to Abbot and Fowle,° the mean temperature of the earth’s surface is 


t Astrophysical Journal, 43, 191, 1916. 

2 Worlds in the Making, p. 61, 1908. 

3 Compies Rendus, 172, 1645, 1921. 

4 Humphreys, Physics of the Air, p. 309, 1920. 

5 Hann, Handbook of Climatology, p. 250, 1903. 

6 Annals of Astrophysical Observatory, 2, 173-175, 1908. 
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287°2 A, but the temperature of the true radiating surface of the 
earth as a planet is 263° A, this surface being chiefly the water- 
vapor layer at an elevation of 4000 m or more above sea-level. The 
elevation of a water-vapor radiating surface on Venus, however, 
would probably be greater owing to higher temperature. Using 
2.5 calories as the solar constant, Poynting’ gives the average 
temperature of an ideal planet at Venus’ distance from the sun 
as 342° A, and at the earth’s distance as 290° A. With 28792 A 
for the temperature of the earth the temperature of Venus becomes 
337 A. 

If the surface temperature of Venus be taken as 337° A and a 
temperature gradient of 6° per kilometer be assumed in Venus’ 
atmosphere, such as obtains on the earth, the elevation of the zero 
isotherm would be 11 km, that of a water-vapor radiation surface 
12 km, and that of the isothermal layer 19 km, which are to be 
compared with 3, 4, and 11 km for the earth. 

The conditions at Mount Wilson offer favorable opportunities to 
study the increase in the relative humidity of the air above a 
cloudy surface. The velo cloud,” as the Spanish called the “high 
fog’”’ of southern California, often covers the valleys to a height 
of 1200-3000 feet, especially during the months of May and June. 
For nine clear days in May and eight in June, 1921, the mean vapor 
pressure on Mount Wilson was 3.25 and 4.05 mm, respectively, 
while for nine days in May and twenty-one in June, with clear sky 
above and the velo cloud 4000 feet below and two to five miles 
distant, the respective vapor pressures were 4.65 and 5.28 mm, about 
35 percent greater. In the case of Venus’ atmosphere with a water- 
vapor content sufficient to form a continuous layer of cumulus 
clouds exposed to nearly twice the intensity of the solar radiation 
at the earth, the water vapor above the dense cloud layer would 
probably exceed the increase at Mount Wilson when velo clouds are 
4000 feet below and several miles away. This increment is two or 
three times the quantity our spectrograms should record. Grant- 
ing the probable circulation in the planet’s atmosphere suggested 
by Clayden, it seems also probable, especially over the anticyclonic 

t Collected Scientific Papers, p. 315, 1920. 

* Carpenter, The Climate and Weather of San Diego, 1913. 
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areas, that the solar beam would penetrate a region of the atmos- 
phere where water vapor would be encountered in detectable quan- 
tity. The spaces not only above, but especially between the colum- 
nar cloud masses, must be more or less moisture laden, since, under 
the powerful solar radiation, evaporation and convection into the 
neighboring drier regions would take place as over the velo clouds, 
and under the downward anticyclonic flow, the clouds would be 
carried into regions of higher temperatures and more or less dissi- 
pated. The results would be an atmosphere of high humidity 
over extensive areas more or less open to observation, as the high 
cirrus assumed by Clayden would offer little obstruction. 

If the dusky markings upon which investigators have based the 
observations interpreted as showing short rotation periods are actual 
surface features of the planet, or if they are a transient thinning of 
a cloudy envelope, it is probable that we there see down to levels 
at which the humidity would be high in an atmosphere so heavily 
moisture laden that the planet is enveloped in a blanket of clouds. 
Spectrogram V 274 was taken eight hours later than Quenisset’s 
photographs showing extensive dusky areas, but no traces of water- 
vapor lines are discernible on any part of the spectral band. 

If the brilliant white spots from which the long rotation period 
has been deduced really belong to the planet’s surface, and, as sug- 
gested, are snow-covered mountain peaks extending into the upper 
atmosphere, it seems probable that water vapor would be spectro- 
scopically detectable by its absorption lines were they to stand free 
from the corresponding terrestrial lines, as they would in our spectro- 
grams. It is to be considered also that the spectrograms were taken 
in light of long wave-length, for which scattering is relatively small 
and the consequent penetration into a hazy atmosphere great. In 
the case of the oxygen lines, near \ 6900, the depth from which the 
light is reflected is probably well below the apparent visual surface. 

If, however, the reflecting surface consists of a permanent layer 
of cirro-stratus, the quantity of water vapor traversed by the 
reflected beam would be small, as cirro-strati are formed in the 
upper troposphere where the temperatures are very low. These 
low temperatures practically insure that cirro-strati consist of ice 
crystals, but as at such low temperatures there is little water to con- 
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dense, their structure is necessarily more or less tenuous and fibrous 
and consequently the reflected light will have penetrated the layer 
to a great depth. Above such a cloud-surface there would be the 
thinner cirrus to which the prolongation of the cusps is due, and the 
still higher atmosphere which produces by refraction the illumina- 
tion around the planet’s circumference observed at inferior conjunc- 
tion. 

Reflection from a layer of cirri gives the shortest possible path 
for the light in the planet’s atmosphere. The water vapor above 
the cirrus level may be insufficient for detection by observations on 
the lineS in the rain-band. The spectrographic test for oxygen by 
observations on the B band is, however, much more sensitive. In 
‘the earth’s atmosphere above the cirrus level there is the equivalent 
of 274 m of oxygen at sea-level; above 19 km, the elevation assumed 
for the cirrus level on Venus, there is still the equivalent of 65 m, 
but our observations show that oxygen on Venus above the reflect- 
ing surface is less than 2 per cent of this amount. 

It is of interest to consider some alternatives to water-vapor 
clouds. It is possible that a very small quantity of water vapor 
would produce an impenetrable haze-bank if the atmosphere of 
Venus contained minute hygroscopic centers of condensation 
capable of producing cloud particles in an atmosphere where the 
humidity is much below that which otherwise would be essential 
to cloud formation.t With such a hazy atmosphere on Venus, 
analogous to but denser than the dry-weather haze that sometimes 
obscures the valley or lies along the lower reaches of the distant 
mountains viewed from Mount Wilson, the surface of the planet 
might appear much as we see it. To an observer on the planet’s 
surface transmitted light would be rich in long wave-lengths, as to 
us when the earth’s atmosphere is laden with volcanic dust. To 
an outside observer the color would depend upon the proportion 
of the light scattered in its atmosphere to that reflected from its 
surface. 

Under the probable extremes of temperature on the opposite 
hemispheres of Venus it is conceivable that the violent atmospheric 
circulation would cause clouds of dust to be permanent features of 


* Humphreys, Physics of the Air, p. 92, 1920. 
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the planet’s atmosphere, dust composed of highly reflecting material 
such as that to which the high reflecting power of Vesta is due. 
Wilsing and Scheiner" give for liparitic pumice a reflecting power 
of 0.56, for rock salt o.44, and for granular limestone 0.42. These 
are comparable with 0.49 for Venus and 0.48 for Vesta. It is to be 
observed, however, that the presence of two of these substances 
would imply the action of water at the time of their production or 
segregation. The dust storms that sometimes prevail for days over 
the deserts and occasionally sweep through the mountain passes 
suggest vividly the possibilities on a dry and wind-swept planet. 

Whether or not light reflected from the continually evaporating 
surfaces of clouds produces sufficient water vapor to give its absorp- 
tion lines with observable intensity is a question whose answer 
would aid greatly in determining the character of the apparent 
surface of Venus and in solving the puzzling problems of its atmos- 
phere. We hope later to obtain more observational data as to the 
humidity around and above clouds, and to extend the spectrographic 
observations to the water-vapor band near \ 7200, as the lines of this 
band are producible by smaller amounts of vapor and would furnish 
a more sensitive test of its presence. Other and quite as important 
information would be obtained from the relative color indices of 
Venus and terrestrial clouds and from direct photographs through 
violet and infra-red filters? as used by R. W. Wood for Jupiter and 
Saturn. These would show the apparent surfaces at widely differ- 
ent levels and offer the possibility of reaching the actual surface 
through the thinner portions of the atmospheric veil. 

It has been too easily assumed, perhaps, that the atmospheric 
conditions on our nearest planetary neighbors are similar to those 
on the earth, and that on Venus development has followed along 
similar lines and by like stages as on the earth. It was long ago 
suggested by Koene,’ of Brussels, that all free oxygen may have 
been formed from carbonic acid in the air. Arrhenius says that we 
may take it as established that the masses of free oxygen in the air 
and of free carbon in the sedimentary strata approximately corre- 

t Potsdam Publications, 20, Part IV, 1909. 


2 Mi. Wilson Contr., No. 113; Astrophysical Journal, 43, 310, 1916. 
3 Mémoires de Chimie, 1856. 
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spond to each other, and that probably all the oxygen of the air 
owes its existence to plant life.’ That a similar production of oxygen 
has apparently not taken place on Venus suggests that some condi- 
tion is wanting. Possibly a deficiency of water has prevented or 
hindered the freeing of oxygen through vegetation, or it may be 
that the exacting conditions for the origin of life have not been 
satisfied so that the existing atmosphere may consist of other 
permanent or semipermanent gases such as nitrogen or carbon 
dioxide. 
Mownt WILson OBSERVATORY 
July 1922 


t Worlds in the Making, pp. 58, 59. 
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THE SOURCE OF LUMINOSITY IN GALACTIC 
NEBULAE 


By EDWIN HUBBLE 


ABSTRACT 


Relation of the luminosity of galactic nebulae to the magnitudes of associated stars. 
(1) Diffuse nebulae. If, as has been suggested, these nebulae owe their luminosity to 
radiations from associated stars, then the angular extent of nebulosity should increase 
with the apparent brightness of the stars. More precisely, if we assume that the 
clouds of nebulosity are illuminated by stellar light whose intensity varies inversely 
as the square of the distance from the stars; that each part of a nebula reflects or 
re-emits, without change in actinic value, all the starlight intercepted by it; and that 
the light from the stars themselves reaches us undimmed by absorption, then the 
square of the maximum angular extent of nebulosity a, for an exposure EF, should be 
proportional to £ times the apparent luminosity of the star J, or a?/E=a,?/60= 
IX const., orm-+5 log a:=B, where a; is the angular distance reduced to a uniform ex- 
posure of 60". Fora Seed 30 plate and a focal ratio of 5 to 1, B is equal to 11.6 or 10.6, 
according as the line joining the star to the faint nebulosity is perpendicular to the 
line of sight or has the mean inclination corresponding to random direction. To test 
this equation, data for eighty-two nebulae were plotted, log a; against m. The points 
lie near the line: m-+-4.9 log a:=11.0, thus showing that the inverse-square law holds 
closely and that the other assumptions are approximately correct. The mean devia- 
tion of the points from the line, over an interval of 14 magnitudes, is only +08; 
but thirteen points lie above the limiting theoretical curve. The probable explanation 
is that in these cases the apparent brightness of the stars is diminished through absorp- 
tion by nebulosity between the star and the observer, that is, the third assumption 
is not wholly justified. This is borne out by the fact that these stars show a color 
excess which is usually greater than the residual magnitude. While most of the 
nebulae have continuous spectra, in eighteen cases the spectra are emission, and thus 
differ widely from the spectra of the associated stars. Since the corresponding points 
show no systematic deviation from the theoretical curve, the luminosity must be due 
to re-emission of light of the same total actinic value, rather than to reflection, and 
this suggests the possibility that the light producing the continuous spectrum is also 
re-emitted. The great loop in Cygnus is a conspicuous exception, since no sufficiently 
bright star is in evidence. The star, perhaps, is hidden or dimmed by nebulosity. 
Reduced to absolute magnitudes, the foregoing equation becomes M+ 5 log J/= 
2.5 log E—5.52, where / is the linear distance in parsecs from star to nebulosity and £ is 
in minutes. For Rigel, &@=—s5.6, an equivalent exposure of thirteen hours shows 
nebulosity, presumably made luminous by it, extending to 12°5, or ninety-three light- 
years. (2) Planetary nebulae. When certain systematic corrections suggested by 
observations made at Mount Wilson are applied to data given by Curtis for the limiting 
exposure times and the apparent magnitudes of the nuclei for fifty-six objects, the 
angular distance A; of the brightest details of luminosity from the central stars, reduced 
to uniform exposure time on the assumption of an inverse-square law of luminosity 
with respect to the central stars as sources, varies with the photographic magnitude 
of the central stars according to the equations: m+(5.3+0.4) log A:=17.9, or 
m-+-5 log Ar=17.6+0.2. The first of these is the correlation curve derived from the 
data; the second, the curve having the theoretical slope which best represents the 
plotted poiats. The correlation between m and log Ax, however, is not nearly as 
close as in the case of the diffuse nebulae. The residuals, for instance, seem to be 
related to the type of planetary, averaging +-1.8 for the ring type, and —1.5 for globular 
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objects. The corresponding theoretical equation, based on the assumption stated above 
for diffuse nebulae, but for an exposure time of six seconds, is: m+5 log A =13.60.3. 
Hence, the observed luminosity per unit area is about four magnitudes brighter than 
the theoretical. The discrepancy for these nebulae may be due to a difference 
between the spectra of the nebulosity and of the nuclei, the latter having relatively 
much more energy in the ultra-violet; or it may indicate that the radiations which 
excite the luminosity are chiefly corpuscular. 

Revised photographic magnitudes of the nuclei of planetary nebulae.—The values 
given by Curtis for fifty-six objects seem to require a systematic correction of 

+0.173m— 3.37. f 

New cometary nebula at a=653™, 6=+18°42’ (1920) shows striking similarity to 

the variable nebula N.G.C. 2261, although variability has not yet been established. 


I. DIFFUSE GALACTIC NEBULAE 


This paper gives the results of an attempt to test the theory 
that stellar radiations are the source of luminosity of galactic 
nebulae. V. M. Slipher™ found that in the case of Merope, Maia, 
p Ophiuchi, N.G.C. 2068, and N.G.C. 7023 the absorption spectrum 
of the nebulosity agreed, approximately at least, with the spectra 
of the brightest involved stars. On this ground he suggested that 
these nebulosities at least are shining by reflected light from the 
involved stars. Hertzsprung? made a quantitative test of this 
suggestion in the case of the Pleiades nebulosity by determining 
the surface brightness at several points in the nebulosity and com- 
paring the results with those derived by spreading the light of the 
stars over spherical shells of radii equal to the distances from the 
stars to the points of nebulosity whose surface brightness he had 
measured. He found the nebulosity to be from 4 to 5 magnitudes 
fainter than would be expected on a theory of total reflection, and 
concluded that, if a suitable albedo were assumed, the reflection of 
star light could account for the nebular luminosity. H. N. Russells 
has accepted the idea of reflection for diffuse nebulae with continu- 
ous spectra, and has advanced the theory that galactic nebulae 
with emission spectra, diffuse as well as planetaries, are excited to 
luminosity by radiations from involved or neighboring stars. 

The writer has found that particular stars can be selected which 
are obviously involved in or conspicuously associated with prac- 

* Lowell Observatory Bulletin No. 55, 1912; 75, 1916; Astronomical Society of the 
Pacific, 30, 63, 1918; 31, 212, 1919. 

2 Astronomische Nachrichten, 195, 449, 1913. 


3 Proceedings of the National Academy of Sciences, 8, 115, 1922; Observatory, 44, 
72, 1921. 
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tically every known diffuse nebulosity. The spectra of these stars 
bear a definite relation to the spectrum of the associated nebulosity, 
such that if the stellar spectra are earlier than Br, the nebular 
spectrum is emission, and, if the stellar spectra are later than 
Br, the nebular spectrum is continuous. Nebulosity associated 
with stars of the critical type Br usually possesses a spectrum of 
mixed characteristics. The transition in nebular spectra from 
emission to continuous, although rapid, is quite smooth. It is not 
abrupt. The only pronounced exception to the rule of spectral rela- 
tion is the possibility that stars with highly enhanced spectra of the 
a Cygni type may be associated with nebulosity whose spectrum is 
predominantly emission. a Cygni itself and B.D. —22°4510, of 
the same type, appear to be associated with N.G.C. 7o0oo and 
N.G.C. 6514, respectively. Bright-line stars associated with emis- 
sion nebulae are the exception and not the rule. Wolf-Rayet 
stars associated with diffuse nebulosity are rare. In the northern 
skies only two cases are known—N.G.C. 2359 and 6888. Both show 
some affinity with planetaries or with nova phenomena. 

This definite spectral relation suggests that nebular luminosity 
depends to a certain degree at least on stellar radiations, and an 
attempt has been made to test this quantitatively. The method 
employed was to determine the surface brightness of diffuse 
nebulosities giving continuous spectra, by means of the limiting 
exposure times necessary just to register the nebulosity under 
standard conditions. Preliminary results from a small number of 
objects demonstrated that the brightness and extent of the nebu- 
losity are definitely related to the magnitude of the associated 
stars, and that existing photographs could be used to establish the 
relationship. Accordingly Table I was constructed from an 
examination of the plates already available. In the first column 
is given the catalogue designation of the nebulae; in the second 
column, the spectral type of the nebulae, E and C for observed 
emission and continuous spectra, e and c for the same character- 
istics, not observed, but inferred from the spectral types of associ- 
ated stars, according to the rules given in the preceding paragraph; 
in the third column the apparent photographic magnitudes, m, of 
the associated stars, combined, if a group of stars appears; in the 
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fourth, the spectral type of the associated stars; in the fifth, the 
color excess of these stars; in the sixth, the exposure time, £, in 
minutes, of the plates examined; in the seventh, the greatest 
angular distances, from the stars, in minutes of arc, at which 
nebulosity could be detected. For a group of stars involved in 
nebulosity, @ was measured from the mean position of the stars. 
In most cases of this sort the extent of the groups of stars is small 
compared to the extent of nebulosity. In the eighth and ninth 
columns are given the quantities log EZ and log a; in the tenth, 
the corrected quantity log a,, representing log a reduced to a 
uniform exposure time of 60 minutes; in the eleventh, the designa- 
tions of the stars whose magnitudes are given in the third column; 
in the twelfth column the instruments employed in obtaining the 
photographs examined. 

The data are fairly homogeneous, as the plates used were all 
Seed 30’s, most of them taken with the 60-inch and t1oo-inch reflec- 
tors, both of focal ratio 1 to 5. Several were taken with a Tessar Ic 
lens, called “‘Kodax” in the eleventh column, and with a 10-inch 
Cooke astrographic lens, both of which have focal ratios 1 to 4.5. In 
these cases the values of log E were corrected by the quantity +0.12 
in order to reduce them to the Newtonian reflector system. A few 
measures are from photographs by Barnard, made with the 1to-inch 
Bruce lens of focal ratio 1 to 5, and designated “‘Barnard” in the 
twelfth column. A small correction should be applied to log EZ in 
these cases in order to allow for the light cut off by the Newtonian 
flat, but the amounts and the numbers are so small that they have 
been disregarded. 

The photographic magnitudes for stars brighter than 6.0 are 
from visual magnitudes found in the Harvard Annals, to which have 
been applied both color indices and color excess. Magnitudes of 
the fainter stars are from polar comparisons made by the writer, 
and are on the Mount Wilson scale. 

The quantities used in the following discugsion, m, a, and E, are 
quite independently determined, and there is no reason to suspect 

* The color excesses are taken from Mt. Wilson Contr. No. 187; Astrophysical 
Journal, 52, 8, 1920; and from further unpublished measures by Seares and Hubble. 


The latter values are provisional. Final values will appear in a joint paper to be 
published shortly. 
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large systematic errors. The range in m is from 0.2 to 14.4; in@ 
from 0/2 to 750’; in E from 40 min. to 790 min. The mean errors 
in m are estimated as about 0.1, and in a about 5 per cent. The 
actual observed E, is, of course, exact to the minute, but differences 
in sky conditions, state of mirrors, plates, and development, suggest 
a mean error in the equivalent exposure time of the order of 5 per 
cent. 

The nebulosity fades more or less smoothly with increasing 
distance from the stars, and the points for which a@ was measured 
represent in general the limiting surface brightness which registers 
on the particular plate examined. If the exposures were all of 
the same duration, under uniform conditions, a comparison of m with 
a should then indicate the relation existing between nebular and 
stellar luminosity. If this relation were due to a reflection of star 
light, and the albedo of the nebulosity were constant, the relation 
would be expressed by m+ 5 log a=K where K is a constant depend- 
ing on the albedo, the limiting surface brightness shown on the 
photographs, and the distribution of angles which the directions, 
stars to points, measured for a, make with planes perpendicular to 
the lines of sight. 

As a first step in the investigation, m was plotted against log a, 
disregarding the differences in exposure times. This plot is shown 
in Figure1. The extent of nebular illumination is clearly a function 
of the stellar luminosity, and the relation is approximately linear. 
A curve with a slope, or coefficient of log a, equal to 5 can be fitted 
to the plot in the form 


m-+5 log a=11.9 (1) 


so as to represent the points fairly well. Considering the great 
differences in exposure times, and the fact that measures on the 
brighter stars are as a rule from longer exposures than those for 
the fainter stars, Figure 1 is pretty fair evidence that nebular lumi- 
nosity obeys the inverse-square law with the associated stars as 
sources of illumination. 

This assumption affords a simple method of referring the data 
to a homogeneous system by reducing log a to log a,, corresponding 
to a uniform exposure Eo, or inversely, reducing log E to log E,, 

404 


THE SOURCE OF LUMINOSITY IN GALACTIC NEBULAE 9 


corresponding to a uniform angular distance a,. Let J and Te 
be the minimum intensities registered in exposure times E and E,, 
a 


2.0 


—0.5 


m 

Fic. 1.—Photographic magnitudes of stars associated with diffuse nebulae 

(abscissae), plotted against the logarithm of the greatest angular extent of nebulosity 

from these stars (ordinates). The data are from Table I. Differences in exposure 

times of the plates examined are disregarded. The line represents the equation 

m+5loga=11.9. The coefficient of log a indicates that the nebular luminosity obeys 
the inverse-square law with respect to the stars as sources. 


p Schwarzschild’s exponent in the reciprocity law. Then, assum- 
ing the inverse-square law to hold rigorously for nebular illumination, 


ipiarate): 2 


log a,=log a+" (log E,—log E) (3) 
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likewise 


log E,=log E+“ (log d)— log a) (4) 


The magnitudes m can be plotted either against log a,, angular 
distances corresponding to a uniform exposure time, or against log E, 
the brightness corresponding to a uniform distance; but with the 
scale properly chosen, the two figures would be identical, because 
of the relation derived from (3) and (4): 


SS 


log Ets log a,=log Ext slog d,= Constant 


Log E, has been chosen as 60 minutes of time and log a, as one 
minute of arc, and p has been assumed as unity. Thus, 


log a, =log a+3(1.778—log E) (5) 
log E,=log E—2 log a (6) 
log £,=2 log a,=1.778 (7) 


Log a, was chosen as the quantity to be plotted against m in 
order that the result might be compared with Figure 1. The 
question of the proper value of # raises a serious theoretical difficulty 
which is minimized in the actual plotting by the use of a value for E, 
near the mean £, so that log E,—log E in equation (5) is small. 
The various values of # used in discussions on stellar photometry 
range from about 0.75 to 1.00. No values have been directly deter- 
mined for long exposures on nebular surfaces under actual observing 
conditions and there is very little basis on which to select the most 
probable value. However, the greatest difference in any particular 
log a, as determined by equation (5) for the extreme values of ?, 
is about 0.12. The mean difference is less than 0.04, which is of the 
same order of accuracy as the original data. These considerations 
seemed to justify the selection of p= 1.00 as the simplest procedure. 
The effect of using other values can be determined later, should the 
matter prove important. 
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Figure 2 shows the plot of loga, against m. A least-squares 
solution gave for the adjusted curve 


m-+(4.90+0.13)log a,= 11.02 +0.10 (8) 


The simple mean of m+ 5 log a is 11.10, and the corresponding curve 
differs from that of (8) by less than a tenth of a magnitude over 
the entire range of 14.2 magnitudes. The average deviation in m for 
both curves is about 0.8 magnitudes. The deviation of the coeffi- 
cient of log a, in (8) from the expected value of 5.0 is within the 
errors of observation. 
A theoretical value can be computed for the constant on the right 
side of equation (8), by assuming the inverse-square law to hold 
rigorously and by assuming further that all the starlight intercepted 
by the nebulosity is re-emitted. Consider a point of nebulosity at 
distance a in minutes of arc from the star. The surface brightness 
of this nebulosity is determined on the above assumption by spread- 
ing the luminosity of the star over a spherical shell of radius a. 
Expressed in magnitudes per square second of arc, this surface 
brightness will be m+2.5log 4m (60a)? or m+11.64+5 log a. 
Seares has determined the limiting surface brightness of an exposure 
of one minute on a Seed 30 plate, using a reflector of focal ratio 1 to 5." 
This quantity, expressed in magnitudes per square second of arc, 
is 18.8+0.3. It applies approximately to all photographic instru- 
ments of an equivalent focal ratio. For an exposure of sixty minutes 
corresponding to the values of log a,, the limiting surface brightness is 
18.8+2.5 pX1.778 or 18.8+4.45 p. Equating these two expressions, 
m+5 log a.=7.16+4.45 p } ( 
9) 
=11.61 for p=1.00 
Assuming a random distribution of directions from star to nebu- 
losity, the mean a observed, projected on a plane perpendicular to 
the line of sight, should be less than the true a by the factor m/z. 
This difference can be corrected by increasing m by 5 log 1/2 =0.98. 
Equation (9) then becomes 
m+5 log a;=6.18+4.45 p } ( 
10) 
= 10.63 for p=1.00 
I Mi. Wilson Contr. No. 191; Astrophysical Journal, 52, 162, 1920. 
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If the assumption that the light emitted by the nebulosity 
exactly equals the starlight intercepted is correct, then equation (10) 
should represent the points in Figure 2, and equation (9) should 


m 2 4 6 8 Io 0) 


Fic. 2.—The same as Fig. 1, except that log a has been reduced to log ay, corre- 
sponding to a uniform exposure time of one hour on Seed 30 plates with a reflector of 
focal ratio 1 to 5. The full line represents the curve m+4.90 log a;=11.02 derived 
from a least-squares solution. The broken line represents a limiting curve parallel 
to the full line, displaced 0.98 to the right. 


play the réle of an upper limit to the points. The agreement 
between (10) and (8) is close enough to raise a strong presumption 
that the assumption just mentioned is justified by the facts. Thus 


(8) ‘Observed Se eee ee m+4.90 log g,=11.02 £0.10 
(ro) s Theoretical; . 14. ceues m-+-5.00 log a,=10.63 +0. 3 
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The difference in slopes can scarcely be shown on the plot, and 
the difference in the constants on the right side of the equations is 
just the sum of the probable errors. It should be noted further 
that the constant in (8) falls nearly half-way between those for 
equations (9) and (10), the theoretical limiting curve and the mean 
curve on the assumption of random distribution of the directions 
from star to points measured fora. Any deviation from random 
distribution in the observed data would fall in this direction, for in 
each case the maximum @ was consciously sought. 

Observations and theory can also be compared by using loga 
and log £ directly in a generalized form of equation (10). Assum- 
ing again that the total amount of starlight intercepted is re-emitted 
by the nebulosity 


18.8+0.3+2.5 log H=m+11.64+5 log a 
m+5 log a—2.5 log H=7.16+0.3 (limit) (11) 
=6.18+0.3 (mean) 


The left side can be computed from the original data and proves 
to be 6.65+0.07 with an average residual of about 0.82. This 
lies almost exactly half-way between the theoretical limiting and 
mean values, and supports the suggestion that the data deviate 
from a random distribution in the direction of large angles to the 
line of sight. If the coefficient of log a in equation (11) be replaced 
by 4.90, as indicated in equation (8), the constant becomes 6.57. 

This is not an independent method, for equations (9) and (10) 
reduce to equation (11) when the value of log a, given in equation 
(5) is substituted into (9g) and (10). The difference in the constant, 
II.02—6.57=11.10—6.65=4.45, is the quantity 2.5 pH, when p 
is taken as unity. 

Equation (11) expresses a direct relation between the original 
data and should be the nicest method of procedure in the investi- 
gation. It is not well suited to least-squares solutions, however, 
because loga and log E are not independent. This difficulty is 
obviated by the transformation into equations (9) and (10). 

Within the limits of error, equation (8) agrees with the theoretical 
mean curve expressed by equation (10). Disregarding for the 
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moment possible deviations from random distribution in the data, 
a limiting curve should appear on the plot parallel to the mean 
curve and displaced 0.98 magnitudes toward the side of increasing 
m. Any points falling to the right of this limit require explanation, 
for they indicate that the nebulosity is too bright or the stars too 
faint for a strict agreement with the theory that diffuse nebulosity 
re-emits exactly the light it receives from associated stars. Such 
a limiting curve has been sketched as a broken line on the plot 
in Figure 2, and several points do fall beyond. The general evi- 
dence is very strong against the nebulosity being too bright, 
ie., that it emits more light than it intercepts from the star, 
and such an explanation should be appealed to only as a last 
resource. 

The most probable solution appears to be the diminution of the 
stars’ apparent brightness by nebulosity intervening between them 
and the earth. This is a well-known phenomenon among stars 
involved in nebulosity and makes itself felt in the abnormally 
large color indices which such stars as a general rule possess. The 
color excess, measured color index minus that normal to the spectral 
type of the star observed, is probably due to scattering of starlight 
by intervening nebulosity. If scattering is responsible for the 
color excess, then the true photographic magnitude of the star, 
as seen free from its screen of nebulosity, would be brighter than 
the observed value by about twice the color excess. 

The nebulosity responsible for the observed scattering is obvi- 
ously between the star and the earth. If the path from star to 
point of nebulosity measured for a were reasonably free from inter- 
vening nebulosity, such a correction should certainly be applied to 
the observed m. If, on the other hand, the nebulosity responsible 
for the scattering is distributed symmetrically about the stars, 
then the observed m is just that which is effective in illuminating 
the exterior points of nebulosity which were measured. 

An examination of the points falling beyond the limiting curve 
indicates that as a rule they are measured from stars with large 
color excesses, and that a correction figured on this basis will throw 
them on the safe side of the curve. The stars from which these 
13 points were measured, with D their distance in magnitudes 


410 


THE SOURCE OF LUMINOSITY IN GALACTIC NEBULAE 15 


beyond the limiting curve and CE their measured color excesses, 
are listed below: 


n 
E 
is} 
i?) 
res 


GUMCOLP Lote care wpa ik, eiotereroke 


0.10 0.48 
AO PDIUCHIL mcm teincin eieierz Opis 0.50 
Bey SAG Sarat oes veces! TOs 0.907 
BeDSeronryy vcs tacites I.20 I.00 
B28 TONS whe Santa chert | ©.10 0.22 
BD Oraty Woo. see dere 0.20 0.55 
BEDS ee T 2000 tai aa ears 0.15 0.50 
INS GIG Fire a ie eee can 0.65 0.30 
INCGIC 2215 See eee 0.05 0.88 
OST DES cig gucn aa Boe RIGS © 0.30 0.80 
ING CIO BAS ev ite isis gates OrTOs we Ulver meen reer 
NGO FOr OR aurea mini OnFOe oU|ieeatertae 
Cometary Nebula.<........ DOB EMER tteray static tare 


Color excesses are not available for the last three objects. 
N.G.C. 1624 is a small group of Oes stars involved in emission 
nebulosity. The combined magnitude is from estimated individual 
magnitudes and may be a few tenthsinerror. The stars in the last 
two nebulae show considerable color visually, and analogy with other 
objects of a similar nature suggests large values for the color excess. 
The cometary nebula is an uncatalogued object in a region of pro- 
nounced obscuration at a=653™, 6=+18°42’ (1920) which shows a 
striking similarity to the variable nebula N.G.C. 2261. It is being 
followed for variability, but thus far without positive results. The 
color excess may not be large enough to account for the large D, 
but a small amount of general absorption could be postulated to 
make up the balance. 

It is reasonable to suppose that in these 13 cases, the nebulosity 
responsible for the color excess is for the most part between the 
star and the observer, and that relatively little is between the star 
and point of nebulosity measured for a. An idea of how general 
is this dissymmetry of distribution about the stars of nebulosity 
responsible for the scattering can be derived from a study of rela- 
tions between the residuals in Figure 2 and the color excesses. 
Measures of this last quantity are available for 63 points. There 
is no systematic difference in distribution between these and the 
points for which color excesses have not been measured. The 
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residuals may therefore be taken directly from Figure 2. A least- 
squares solution of the observational equations x+y CE = Residual 
in m, gives 

R+0.08=0.90 CE—o. 32 (12) 


If the scattering nebulosity were always symmetrically dis- 
tributed about the stars, the coefficient of CH should be zero; 
if it were always between the star and observer and never between 
star and points measured for a, the coefficient should be approxi- 
mately 2. An excess in scattering nebulosity between stars and 
points measured for a, over that between star and observer, would 
reduce the measured a and this effect could not be distinguished from 
that due to inclinations of the directions from star to measured points. 
The observed value of the coefficient of CE, namely 0.90, seems to indi- 
cate that the scattering nebulosity is distributed, not symmetrically, 
but rather at random about the stars. Corrections computed from 
equation (12) would provide only for the scattering nebulosity 
between star and observer in excess of that symmetrically dis- 
tributed. It would reduce the constant in equation (8) by the 
quantity 0.32 and the resulting value, 10.70, would be in excellent 
agreement with that expected from theory, namely 10.63. Similar 
nebulosity not in the line of sight would reduce the true values of a, 
and a correction would in the mean tend to compensate the correc- 
tion suggested by equation (12). The scattering effect probably 
will not seriously affect the mean values in Figure 2, although it 
offers a ready explanation for individual residuals. 

A supplementary table of data was constructed from a homo- 
geneous series of exposures made for the purpose of determining 
surface brightness of nebulosity from minimum exposure times 
necessary to show the nebulosity. The number of objects was 
small, but the results agree satisfactorily with those from Table I. 
The summation of m+ 5 log a—2.5 log Eis 6.500.18, in good agree- 
ment with the theoretical value of 6.180.30. The curve adjusted 
for the slope corresponding to the inverse-square law of luminosity 
ism-+5 log a,=10.95+0.18. The correlation curve is m+4.38 log a, 
=10.540.20; but the points are not well distributed for a good 
determination of the slope, and the small value of the coefficient 
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of log a, cannot seriously affect the general conclusions. The plot 
of log a, against m is shown in Figure 3. 

The data in Table II are entirely independent of those in Table I 
except the values for m. Different points were measured for a, 
and the exposure times average about one-sixth of those in Table I. 
The range in £ for thé two tables is especially significant, running 
in the first from 40 minutes to over ro hours and in the second 


TABLE II 
5 S & 
Object m CE ey E a Log E | Loga | Loga, ct: 
min. 

10.9 | 0.30 Bop 3.0 of1s 0.477 |—0.824 |—0.174 | 60-inch 
4.0 | 0.00 Bs I.0 1.67 0.000 0.222 I.11r | 60-inch 
4.0 | 0.00 Bs 0.25 0.40 |—0.602 |—0.308 0.792 | 60-inch 
9.0 | 0.80 | B6-Bo 4.0 0.32 0.602 |—0.405 0.093 | 60-inch 
I3-5 | 0.00 K8d 50 0.17 1.699 |—0.778 |—0.738 | 100-inch 
40.2 | .22 B8 tke} 0.17 0.000 |—0.778 0.112 | 60-inch 
0.2 | 0.00 B8p 30 135 1.507 2.130 2.220 | 10-inch 
7.0) | 0.30 B2 0.33 0.33 |—0.477 |—0.477 0.651 | 60-inch 
8.2 | 0.20 B3 3.0 0.40 0.477 |—0.398 0.252 | 60-inch 
10.8 | r.00 Bs 0.50 ©.40 |—0.301 |—0.308 0.641 | 60-inch 
10.8 | 0.80 Bo r.e 0.30 0.000 |—0.523 0.376 | 60-inch 
I.4 | 0.00 Bo 30 210 7807 2.322 2.412 to-inch 
11.2 | 0.88 Bip 0.25 0.17 |—0.602 |—0.778 0.412 | 60-inch 
9.2 | 0.68 Bap Sirs 0.083|—0.875 |—1.079 ©.247 | 100-inch 
Bulent Ba 40 45 I.722 1.653 1.681 | 1o-inch 
8.4 | 0.85 Ba 30 Io r.507 I .000 1.090 to-inch 
5.1 | 0.50 | B2-B3 20 25 I.421 1.3098 E577 to-inch 
4.9 | 0.42 B2 Io 4.5 I.120 0.653 0.982 to-inch 
7.2 | 0.10 Bo 0.33 0.13 |—0.477 |—0.875 0.252 | Ioo-inch 
9.1 | 0.80 Bo 0.60 0.13 |—0.222 |—0.875 ©.125 | 100-inch 
I0.0 | 0.50 Gp 0.25 0.10 |—0.602 |—1.000 ©.190 | Ioo-inch 
7.41 0.55 Bap 0.27 0.20 |—0.778 |—o.699 0.569 | 60-inch 
10.5 | 0.60 B3 0.33 ©.072|—0.477 |—1.176 |—0.048 | 60-inch 


The actual £ is given for to-inch plates, but o.12 has been added to the value of log E to reduce to 
the Newtonian reflector system. 


Merope a refers to the well-known wispy nebulosity, while 6 refers to the small bright cometary 
nebulosity about 30” south of the star. 


I.C. 359. The catalogue designation is uncertain. The position is given in the notes to Table I. 
Orion refers to the brightest portion of the great exterior loop at about a=5b45™5, 5=-++1° (1920). 


from 7 seconds to 50 minutes. Individual comparisons of log a, 
have no meaning, for inclinations of the directions from star to meas- 
ured points cannot be determined independently. The systematic 
difference in log a; is 0.015, or about 33 per cent, which is satisfac- 
torily small and indicates that the distribution of directions and of 
scattering nebulosity is comparable in the two systems of data. 
The general conclusion from this investigation is that, within the 
errors of observation, the data can be represented on the hypothesis 
that diffuse nebulae derive their luminosity from involved or neigh- 
boring stars, and that they re-emit at each point exactly the amount 
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of light radiation which they receive from the stars. Where stars 
of sufficient brightness are lacking in the neighborhood, or, if present, 
are not properly situated to illuminate the nebula as seen from the 
earth, the clouds of material present themselves as dark nebulosity. 


log az 


m 2 4 6 8 ike) I2 


Fic. 3.—Photographic magnitudes of stars associated with diffuse nebulae 
(abscissae), plotted against the logarithm of the greatest angular extent of nebulosity 
from these stars (ordinates). The data are from Table II, derived from minimum 
exposures necessary just to register the brightest portions of the nebulae. Log a has 
been reduced to log a; corresponding to a uniform exposure of one hour on Seed 30 
plates with a reflector of focal ratio 1 to 5. The straight line represents the equation 
m+5 log d:=10.95. 


Eighteen of the objects listed in Table I show spectra which are 
predominantly emission. The points corresponding to these objects 
are mingled among the others in a thoroughly homogeneous manner 
and show’no systematic characteristics whatsoever. Such a result 
was unexpected. The associated stars in these cases, with the 
exception of the Ob star B.D.+ 37°3821 in N.G.C. 6888, are of the 
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usual Oes and Bo types,’ hence the nebular luminosity cannot be 
a phenomenon of simple reflection, but must result from some process 
of absorption and re-emission of stellar radiation. The data 
indicate that within the spectral limits to which Seed 30 plates 
are sensitive the continuous radiations from the stars are absorbed 
by the nebulosity and completely re-emitted as discontinuous radia- 
tions within the same range of wave-lengths. This may be a mere 
coincidence, but the idea is suggestive and should be investigated 
in detail. 

The fact that the emission nebulae do not shine by simple 
reflected starlight raises a question as to the process of illumination 
in the nebulae which show continuous or absorption spectra. The 
evidence given by V. M. Slipher as to the agreement between spectra 
of nebulae and of associated stars in the cases of Merope and Maia, 
p Ophiuchi, N.G.C. 2068, and N.G.C. 7023, is in favor of the 
reflection theory. 

Analogy with emission nebulae, however, suggests the possi- 
bility that the process may be one of absorption and re-emission. 
This view is supported by the manner in which emission nebulae 
with no perceptible continuous spectrum merge smoothly into “‘con- 
tinuous” with no emission as the spectral types of the dominating 
stars pass from Oes to the middle B’s. It is extremely difficult, 
in the reflection theory, to account for the absence of strong con- 
tinuous spectrum from purely emission nebulae. One must suppose 
that the physical state of this type of nebulosity is quite different 
from that of ‘‘continuous”’ nebulosity, being such that reflection is 
not possible. Further, it would lead to the logical conclusion that the 
physical state of nebulosity depends upon and is determined by the 
spectral type of the associated stars. Such a relation is not impos- 
sible, for the intensity of stellar radiation, closely associated with 
spectral type, must play a large réle in determining the distribution 
of nebulous particles of various sizes, and thus indirectly bear upon 
the distribution of spectral characteristics throughout a given 
nebula. It seems impossible at present to strike a balance between 


xy Cassiopeiae and B.D. —10°1848 in I.C. 59, 63, and I.C. 2177 respectively show 
weak hydrogen emission lines. 

2 Plots similar to Fig. 2 were constructed for each of the various stellar spectral 
types in Table I; no systematic differences were found to exist. 
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the two views concerning the mechanism of illumination, but it is 
worth mentioning that the analogy of emission nebulae is quite as 
strong an argument against, as the agreement of spectra is in favor 
of, the theory of pure reflection. 

Another striking characteristic of Figure 2 is the relatively small 
spread in the points and especially the complete absence of points 
falling far below the mean curve. The average deviation is about 
0.8 in m or 0.16 in log a;. The greatest single deviation to the left 
is 2.6 magnitudes or 0.53 in log a;. A simple inspection of photo- 
graphs shows at once that nebulosity as a rule is not symmetrically 
distributed about stars. Nevertheless Figure 2 indicates that as a 
rule nebulosity is found at the extreme limits to which a star will 
illuminate it sufficiently to be photographed with exposures of 
several hours duration: The explanation is probably to be found 
in relations between pressure and illumination effects of the stellar 
radiations on nebulous material of the sizes responsible for the 
nebular luminosity. 

Several of the objects in Table I are of considerable interest 
individually. -y Cygni for instance is a pseudo-Cepheid with a spec- 
tral type F8p. The radiative symmetry of the several neighboring - 
patches of nebulosity raises a strong presumption that they are 
associated with the star, and this is supported by the positions of the 
corresponding points in Figure 2. The same can be said concerning 
a Cygni and the North America nebula, N.G.C. 7000, as well as 
6 Orionis and the nebula I.C. 2118 with its long extension into 
Eridanus. N.G.C. 1514 is really a giant planetary, conspicuous 
for the exceptionally bright central star. 

One well-known galactic diffuse nebula is a conspicuous excep- 
tion. The only object investigated for which no obviously dominat- 
ing star could be located and for which tio pronounced obscuration 
was conveniently situated to hide such a star, is the great loop in 
Cygnus of which N.G.C. 6960 and 6992 are brighter portions. 
These portions give emission spectra as could be expected from their 
filamentary structure. They are opposite one another at the ends 
of the longer diameter of the loop. Barnard’s photograph repro- 
duced on Plate 80 of the Lick Publications, Volume XI, shows the 
configuration. The major axis is roughly 2°5. One would expect 
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to find a star of spectral type Bo or earlier approximately central, 
and hence about a degree and a quarter from the outer edges of the 
nebula. From Figure 2, the apparent photographic magnitude 
should be around 2.0, with a probable error of less than a magni- 
tude. In the immediate vicinity no early-type stars can be found 
as bright as 9.0, the limit to which the search was pushed. The 
evidence from the other diffuse nebulae is too strong to admit 
the Cygnus loop as a real exception, shining by its own intrinsic 
luminosity, and explanation must be sought wherever possible. 
The obvious assumption is that there is a small cloud of dark nebu- 
losity immediately in front of a central star, sufficiently opaque 
to dim the star by several magnitudes but inconspicuous on small- 
scale photographs. 

Photographs of the central region made with the r1oo-inch 
reflector show no certain traces of such dark areas, and general 
obscuration cannot be present for at least one spiral nebula is 
shown on the plates. There is considerable filamentous nebulosity 
in this region, of much the same structural characteristics as the 
bordering patches of nebulosity known as N.G.C. 6960 and 6992. 
This suggests that the nebula as a whole may be an ellipsoidal shell 
rather than a simple loop. B.D. +30°4199, the brightest star 
within the loop, which is not far from the center, has enough nebu- 
losity immediately around it to be called a nebulous star. Its visual 
magnitude is given in the B.D. as 7.0, and its spectrum is of 
highly enhanced type similar to that of a Cygni. It is just possible 
that this star, dimmed several magnitudes by general absorption 
of intervening nebulosity, is the source of illumination of the loop. 
This would be analogous to the association of a Cygni itself and the 
similar star B.D. —22°4510 with emission nebulosity. 

Another point worth mentioning is that, using the observed 
magnitude for B.D. +30°4199, the relation between m and a for the 
loop would be of the same order as those for the Crab nebula 
(N.G.C. 1952), the Dumbbell nebula (N.G.C. 6853), and the Helical 
nebula in Aquarius (N.G.C. 7293). These objects appear to form 
a separate group, and speculation concerning their exceptional 
nature may well be deferred until the luminosity of planetaries has 
been investigated in a quantitative manner. 
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An interesting application of the conclusions arrived at in this 
paper can be made in the case of the spiral M 33. The bright knot 
in the spiral known as N.G.C. 604 has an emission spectrum of the 
galactic diffuse nebular type. That is to say, hydrogen is so strong 
as compared to nebulium that Hf is of about the same intensity as 
N,. This is a general rule among diffuse emission nebulae, but is 
exceptional among the planetaries. Three of four stars involved 
in N.G.C. 604 strengthen the analogy with galactic diffuse nebulae. 
If we assume the same conditions to hold in N.G.C. 604 as in the 
galactic nebulae, these stars must be considered as probably Bo or 
Oes, and Kapteyn’s value of — 2.5 for the mean absolute magnitude 
of Bo stars can be used with some degree of justification to esti- 
mate the parallax. The apparent magnitudes of these stars have 
not been measured, but a casual inspection of plates made with vari- 
ous instruments and exposures suggests that the order of magnitude 
of the brightest is about 15. An exposure of two hours shows nebu- 
losity extending to about 10” from the brightest star, so the corre- 
sponding point in Figure 2 would fall very close to the mean curve, 
and the analogy with galactic nebulae is still further strengthened. 
Since the brightest star alone is used, Kapteyn’s value for the mean 
absolute magnitude can scarcely be considered too bright. The 
resulting modulus, m—M, of 17.5 corresponds to a parallax of 
07000032 or a distance of about 30,000 parsecs. If absorption 
were present, dimming the apparent brightness of the star, the 
distance would be correspondingly decreased. Measures of the 
color index would probably determine this point. 

The general equations (11) expressing the relations between 
m, a, and E can be transformed into corresponding relations between 
M, the absolute magnitude (photographic in this case) and J, 
the greatest linear distance in parsecs to which luminous nebulosity 
extends, by means of 


m=M—5—5 log r 
a= 3438 w 1 


The expression for a is approximate, the exact relation being 
/=2/m sin a/2, but the difference within the range covered by a is 
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practically negligible. Substituting into the limiting general equa- 
tion (11), 
M+5 |ég l=2.5 log H—5.52 (12) 


It follows that for exposures of about 160 minutes on Seed 30 plates 
with reflectors of focal ratios 1 to 5, representing therefore a limiting 
surface brightness of 18.8+-2.5 log 160 = 24.32 magnitudes per square 
second of arc, the simple relation holds, 


M-+s5 log l=o (13) 


This will represent average conditions of direct nebular photog- 
raphy. A short table of corresponding values will emphasize the 
enormous distances involved. 


Parsecs Light Years 
For M=— 5 l=10 or 32 
— 2.5 B72 ike) 
° 1.0 3 
$n BS Onet I 
5 Oni 0.3 
Io 0.or 0.03 


The sun, with a photographic absolute magnitude around 5.65, 
would be capable of illuminating a surface to a brightness of 24.32 
magnitudes per square second of arc at a distance of 0.074 parsecs = 
0.24 light years =1.5 X 104 astronomical units, or 470 times the mean 
distance of Neptune. ; 

The greatest value of / encountered among the nebulae is for 
the nebulosity preceding Rigel. The absolute photographic mag- 
nitude of the star is about —5.58." An exposure of ten hours 
with a 1.5-inch Tessar Ic lens of focal ratio 1 to 4.5 corresponds 
roughly to an exposure of thirteen hours with the reflectors, and 
from equation (13) the value of / should be about 29 parsecs or 
93 light years. On the plate, nebulosity can be traced south pre- 
ceding Rigel to a distance of nearly 12°5. Using Kapteyn’s value 
of 0”0069 for the parallax of Rigel, this corresponds to a distance of 
nearly 31 parsecs or a hundred light years. 


« Kapteyn’s value of —5.5 for the visual absolute magnitude is corrected for the 
normal color index of a B& star. 
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II. PLANETARIES 

The fidelity with which the luminosity of diffuse nebulae 
having emission spectra obeys the laws derived from data obtained 
mainly from nebulae with continuous spectra, suggests the possi- 
bility of applying the methods developed in the preceding discus- 
sion to an investigation of luminosity relations in the planetaries. 
Spectra of the nuclei or central stars of these objects are predomi- 
nantly continuous. Emission bands are frequently present, but, 
except for three or four objects, the energy in these bands is a negli- 
gible fraction of the energy in the complete spectrum. The law 
is definitely established that the spectra of nucleus and of nebulosity 
are dissimilar. In these respects the spectral relations between 
nebulosity and central stars are analogous to those in the case of the 
diffuse nebulae having emission spectra. 

In other respects, however, the analogy fails to hold. The 
emission lines N, and N, are as a rule much stronger in the plane- 
taries than in the diffuse nebulae. Since they are situated very 
near the red limit of sensitivity of Seed 30 plates, the tendency is 
to destroy the similarity of intensity distribution between stellar 
and nebular spectra which appears to hold for diffuse emission 
nebulae and which permits these objects to obey the same luminosity 
laws as diffuse nebulae with continuous spectra. Moreover, the 
extraordinary intensity in the ultra-violet region of the spectra 
of planetary nuclei introduces a new element into the luminosity 
relations which may differentiate them from those found among 
diffuse nebulae. 

Difficulties are to be expected in an investigation of luminosity 
relations between stars with predominantly continuous spectra and 
nebulosity with complicated emission spectra, and, in the absence 
of definite theories of the mechanism of nebular illumination, the 
results will be in the nature of general tendencies rather than pre- 
cise laws. Provisional results, however, should at least indicate 
some of the special features to be considered in a later and more 
thorough investigation. 

Curtis” descriptive catalogue of planetaries visible in the north- 
ern skies furnishes fairly homogeneous data for 78 objects. For 


* Lick Observatory Publications, 13, Part III, r9x8. 
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each nebula he gives an illustration, an estimate of the photo- 
graphic magnitude of the central star, the measured dimensions 
of the nebulosity, and eStimates of its brightness expressed by 
the relative exposure necessary to register the brightest nebular 
feature on Seed 27 plates at the primary focus of the Crossley 
reflector. 

In Table III are collected the data for the 56 objects in Curtis’ 
catalogue which have more or less conspicuous central stars. The 
first column gives the designation; the second, the estimated 
magnitude m of the central star; the third, the angular dis- 
tance, A, in seconds of arc measured from the central star to 
the brightest details of the nebulosity, which, as well as could 
be determined, are those details for which the relative exposure 
times are given by Curtis; the fourth, the relative exposures, e; 
the fifth and sixth columns, the logarithms of A and e, respec- 
tively; the seventh, the quantity log A,, the significance of which 
will be explained later. The values of m and e are those given 
by Curtis. When A is given by Curtis, his value is listed in 
Table III; otherwise it is estimated from the illustrations accom- 
panying the catalogue. 

An inspection of the table indicates no trace of correlation 
between m and log A, but considerable, though vague, evidence of 
a relation between m and loge. The most conspicuous feature, 
however, is a rather definite relation between m and a combination 
of log A and loge, in the sense that bright central stars are usually 
associated either with bright and small or with faint and very large 
nebulae. Furthermore, a study of the illustrations establishes the 
fact that, where multiple rings are present in a nebula, the order 
of brightness is usually inversely that of the radii or distances from 
the central star, and that, in the structureless disks, there is a 
tendency for the brightness to diminish outward from the central 
star. These facts, together with the conclusions derived from the 
discussion of diffuse nebulae, suggest a reduction of log A to log A; 
corresponding to a uniform relative exposure, on the assumption 
that the central stars are the sources of luminosity and that, for a 
homogeneous distribution of nebulosity, the inverse-square law is 
rigorously obeyed. 
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TABLE III 


PLANETARY NEBULAE 


Object m A e log A log e 

IN:G, C20 om urea 10 17" 4 1.23 0.60 
DAO teqede dueeircts (0). 100 100 2.00 2.00 

OSOj.0 ncrcvewereees 16 40 20 1.60 I.30 

LCs TAT SS eden nates 14 6 15 0.78 1.18 
B51 Sans i cieae Nove I4 4 2 0.60 0.30 

N.G.C. 1501 12 24 25 1.38 I.40 
DSA caste ent ccietehoyet 8. 60 80 1.78 I.90 

DS 35a nase eels Io Io 2 I.00 0.30 

J BDO seo tect eae 12 eds 0.8 | 0.54 | —o.Io0 
LG; ris pokes | ere os oa 9 7 0.2 | 0.85 | —0.70 
NG Giro Souuenm at ieen Is. 50 60 TO 1.78 
DO? Diane iaes eka ssi 13 ies 5 I.04 0.70 

EG: QUA Q epee ia oe 12 3 Oni nol 4s —0.52 
INGGiC 32371 2oeee ee 12 17 ws 1.23 1.18 
2302 mile cee 9 9 5 0.95 0.70 

DABS. Mew ese eniees 16: 30 50 1.48 T70 

UN, ls aa Him ENB 19 8 20 °.90 I.30 

2OLOs Bee eee I5 18 60 1.26 1.78 

BOAR: cab peectactstete 9 13 2 PALE 0.48 

BOS Tricia sis veal I2 I0o I0o 2.00 2.00 

AZOLE atscneestere Io 20 30 I.30 1.48 

CAs 5 OSes ree II 5 Ono Os 700 sOn 70) 
INE GHGHOORS aerate 12 se) 30 I.00 1.48 
CORE ASOs ean aa ie Io 5 2 0.70 0.30 
IN; G@AO2T On eee eee II 4 0.3 | 0.60 | —o.52 
O200 aa Riasiactes!¢ 13 5 4 0.70 0.60 

O3200"s emesis 16 I4 70 1.25 1.85 

O4803 hie eee 18 2 8 0.30 ©.90 

O4A Roe ine avis I9 18 20 1.26 I-30 

OSA = crteciaree 9. 8 0.2 0.90 —0.70 

OS OSis cava sheers 18 18 60 1.26 1.78 

OR 7 occa 9 3 Ona 0.48 tA OO 

OSO7 Neer evecare 14 3 0.6 | 0.48 =O) 

OS7 Set aecncseeees I5 4 8 0.60 0.90 

O6208er sia lene Tits Bia 4 ©.40 0.60 
GO20eusners citer 13 7 Io 0.85 I.00 

OF 207 dares ris 13 30 6 I.48 0.78 

O75 hers arate © 12 10 20 I.00 I.30 

O72 cheng tac any 18 26 250 I.41 2.40 

OF 7S aie 14 9 Sow ORO S 1.18 

O7 81, cavern I4 50 80 1.70 I.90 

O803 Fa mci acrr 13 27 Onsuimoras 252 

OSO4NEIe Grocer sree e I2 20 25 I.30 I.40 

O8U8 Setetare ecceiedes I4 Io 0.7 I.00 —-Onrs 

O82 05 sere veel 9 II is I.04 0.00 

O85 3 iors assenaia ot 1 go 20 I.95 1.30 

O80tA acter Io Eis 2 0.54 0.30 

O8OA mani ene 16 22 70 1.34 1.85 

OOO5 cesar ene 13 18 20 I.26 I.30 
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TABLE IlI—Continued 


Object m 4 A e log A log e | log A, 

INE CE O08 a cite rate 12 40 20 1.60 30) 0.05 
FOOO wom cate caeowhe II I2 Owe 1.08 =O 70 1.43 

FORO cet oo 14 3 0.8 0.48 —0.10 0.53 

ESO wee iene a see 18 35 300 1.54 2.48 0.30 

FOO Bic! sds cxgcoh si ose II 300 I50 2.48 OY is) 1.39 

OMA wel Staak 16 8 I5 0.90 ao ite) 0.31 
SOOQEa a ha Sea. TiAs 8 On2 °.90 Ono Leos 


These assumptions lead to a reduction formula analogous to 
equation (3). Let the uniform relative exposure be unity and let 
the exponent # also be taken as unity. Then 


log A,=log A—4 log e (14) 


Log A; is listed in the seventh column of Table III. 

Figure 4 shows the plot of m against log A, for the 56 planetaries 
in Table IIT. Some degree of correlation is obvious, but the coeffi- 
cient is so small that a least-squares solution in the form used in 
the investigation of diffuse nebulae does not give satisfactory 
results. Accordingly the data were treated by the method of corre- 
lations. The two regression curves are 


RC of monlog Ar. . . . m+ 4.63 log 4;=16.03 (15) 
RC of log Aronm. . . . m+13.35 log A:=21.84 (16) 


Coefficient of correlation 0.59 


om= 2.80 F log A, = 0.356 


The correlation ratio of equation (15) is 0.61, and of (16), 
0.64. Attention should be called to the fact that the regression 
curve of m on log A,;, determined by plotting the mean m for 
groups of log Ax, is not a straight line but a rather well-defined curve 
convex to the origin of co-ordinates and hyperbolic in form. The 
correlation ratio is computed from this curve. The reason for such 
a curve is to be found in the distribution of errors, especially the 
systematic errors in m and é, which will be discussed later. Equa- 
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tion (15) is the straight line which best fits the points of the regres- 
sion curve. The regression curve of log A, on m is a straight line. 

The best simple expression for the relation between m and log A; 
is probably the curve of symmetry, or the bisector of the acute angle 
between the lines represented by equations (15) and (16). This 


log Ax 


1,00 


0.50 


m Io re 14 16 18 


Fic. 4.—Plots of m, the photographic magnitude of central stars in planetary 
nebulae, against log A:, where A; is the angular extent of nebulosity from the central 
stars reduced to a uniform exposure time. The data are taken from Table III. The 
broken lines are the regression curves. 


reduces the sum of the perpendicular distances from the points to 
the line toa minimum. The bisectoris ~ 


m+(6.910.6) log Ar=17.55 +0. 22 (17) 


The data are not of a high order of accuracy but the mean values 
should be significant. The distances A must be essentially free 
’ from serious systematic errors, although the accidental errors are 
probably large as compared to the values of A, especially in the 
many very small nebulae. 
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The relative exposure, e, seems to be fairly reliable for large 
and faint nebulae, but is probably too large for the small and bright 
objects as compared with larger-scale photographs made with the 
60-inch and too-inch reflectors. This may be due to the known 
dependency of minimum visibility on surface area, and to the 
difficulty on small-scale photographs of distinguishing the star 
image from bright nebulosity in its immediate neighborhood. Such 
errors would be especially serious in the case of stars involved in 
very small dense nebulae. 


TABLE IV 


COMPARISON OF Mount WItson Limitinc Exposure TIMES WITH 
Curtis’ RELATIVE EXPOSURES 


E 
OBJECT E e ne 
a) Large and Faint Nebulae 
sec. - 
ING @ 0465 ee cease 600 100 6.00 
GT mer arch anceek 300 80 2075 
BOS Teast waite ct 600 100 6.00 
OARS. Pattie aie I50 20 7.50 
OS5 Siakntsievever- rer I20 20 6.00 
OS0A swale ooo 480 70 6.86 
HLS aos ee goo I50 6.00 
IVE CALL Mee Ayre het ecpatts tanks coc te cell tate cea eee 6.020. 28 
b) Small and Bright Nebulae 
sec 
INE Gs C3247 cote aoe I 0.3 Be33 
TC Sa SOS atiaras wt ciate 4 2H) 2.00 
AGOST tle a cuarss ec tps 6 2.0 3.00 
ING Gs CSG 27 One. st ccieciet: fas Ore 5.00 
GB 3 es crac. < 0.4 O.1 4.00 
OP LO Irak, dearsiayare Io 6 1.67 
FOOGOM hers ccg cao °.8 On2 4.00 
TOO tise et dlisne exces 0.8 O22 4.00 
IG La ae BN yay cha che Gane | et oor ORR i | aOR 3.3840. 33 


Minimum exposures in seconds of time required just to register 
the brightest details of nebulosity on Seed 30 plates at the primary 
focus of the 60-inch reflector have been derived by the writer for 
15 planetaries. These are compared with Curtis’ values of e in 
TableIV. The first column designates the nebulae, the second gives 
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the minimum exposures E in seconds of time derived from the 
Mount Wilson plates, the third gives Curtis’ values of e, and the 
fourth contains the ratios R=E/e which represents the minimum 
exposure, expressed in seconds, made on Seed 30 plates with the 
60-inch reflector, corresponding to Curtis’ unit of relative exposure. 

The values of e for N.G.C. 3242 and I.C. 3568 have been arbi- 
trarily changed by shifting the decimal points one place to the left 
and to the right, respectively. Curtis’ value of 3 for N.G.C. 3242 
is unquestionably a misprint for 0.3, since he remarks that the inner 
ring shows in’ 10 seconds on a Seed 23 plate. His description of 
I.C. 3568 places its brightness about equal to that of LC. 4593. 
The value e=6 for N.G.C. 6720, the ring nebula in Lyra, is surpris- 
ingly high. The nebula may be photographed in 10 seconds with 
the 60-inch, and a rather strong image registers in 15 seconds. 

The unit of relative exposure corresponds to an exposure of Io 
seconds on a Seed 27 plate with the Crossley reflector. A standard 
region in the Orion nebula near the trapezium shows well under these 
conditions.‘ When one considers the more favorable focal ratio of 
the 60-inch reflector, and the difference in intensities between that 
“just perceptible” and that ‘‘well shown,” the ratio E/e=6.0 
found for the large faint nebulae seems to be a reasonable value. 
The relative speed of the two instruments, allowing for the fact 
that the Crossley plates are made at the direct focus without the 
use of a Newtonian flat, is about 1.18 in favor of the 60-inch. The 
factor due to the different standards of intensities used in the two 
series is a matter of conjecture and can be variously estimated at 
from 1.25 to 1.50, in the sense that the smaller intensities, and hence 
shorter exposures, are employed by the writer. Using a mean value 
of 1.38 for this factor, and considering the difference in speed 
between Seed 27 and Seed 30 plates to be negligible, the com- 
puted ratio E/e should be about 10o+1.18X1.38=6.14. This 
agrees with the observed value, 6.0, for the large faint nebulae and 
indicates that the discrepancy between the ratios of the two lists 
in the preceding table is due to errors in the small bright objects. 

The evidence seems rather definitely in favor of a systematic 
error in e for the very bright nebulae, but the data are not sufficient 

™ Curtis, op. cit., p. 59. 
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to determine the limitations of the error. A correction would 
decrease e for these objects and hence increase log A;. Since the 
bright nebulae as a rule have bright central stars, the effect would 
be to raise the upper ends of the correlation curves compared to 
the lower ends, and to decrease the value of the coefficient of log A: 
in equation (17). It is probable that the systematic error in e 
is not serious for values of e greater than 2.0. The effect on 
equation (17) can be estimated by applying to each e a uniform cor- 
rection equal to 2 or less and considering any errors in the larger e’s 
as accidental. As there are only four objects with e greater than 2 
and less than 5, beyond which the systematic error is almost cer- 
tainly negligible, this course seems justifiable. The correction to 
be applied is computed from the mean of the values for the bright 
nebulae in Table IV, disregarding N.G.C. 6720, the discrepancy in 
which may be considered as an accidental error. Each e equal to 
2 or less must then be divided by 6.2+3.62=1.72. Log e is accord- 
ingly decreased by 0.24, and log A, increased by 0.12. This cor- 
rection is applied to eighteen objects. The mean log A, of Table III, 
0.667, will be increased by 0.12X18/56=0.039. The corrected 
mean value will be 0.706. The mean m will remain the same, 
hence the corrected curve must pass through the point m=12.95, 
log A,=0.706. For the objects in which e has been corrected, the 
mean m is low, 11.3, and no m is greater than 14. Likewise the 
mean log A; is high, 0.86, and only two areless thano.5o. The result 
is that the intersection of the curve with the m-axis at m=17.55 
will be very little disturbed. The corrected curve will pass close 
to this point and through the point m=12.95, log A:=0.706. 
The equation of the corrected curve will therefore be approximately 


m+6.52 log A=17.55 (18) 


Curtis’ magnitudes are estimates and therefore subject to rather 
large accidental errors. In addition, there is a pronounced system- 
atic error for the brighter stars, in the sense that they are esti- 
mated too bright. 

Van Maanen has given photographic magnitudes of the central 
stars of the planetaries which he has measured for parallax.* The 


¥ Mt. Wilson Contr. No. 237, 1922. 
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method he employs is to count the numbers of stars equal to or 
brighter than the ones in question on his parallax plates and to 
extract the corresponding magnitude from van Rhijn’s' tables of 
average stellar densities for given galactic latitudes. This pro- 
cedure is subject to considerable accidental error in individual cases, 
especially of the brighter stars, for the field used is small enough to 
be seriously affected by local irregularities in stellar distribution. 
In the mean, however, they should be reliable within the limits 
of Curtis’ accidental errors. 

The writer has derived provisional photographic magnitudes 
for several central stars, using the method of polar comparisons, 
with exposures timed to show a minimum of nebulosity. In 
general each of the values depends upon a single plate and they 
are not, therefore, very reliable. They should, however, be of the 
same order of accuracy as van Maanen’s determination, and both 
series can be used to reduce Curtis’ measures to the scale of the polar 
sequence. The data are givenin Table V. Van Maanen’s value of 
8.0 for the central star in N.G.C. 1514 is omitted for the reason that 
the star is too bright for a good determination of the magnitude by 
the method of star counts. 

The mean difference, van Maanen— Curtis, is 1.3, corresponding 
to a mean magnitude (Curtis) of 11.5. The mean, Hubble— Curtis, 
is 1.4 for a mean magnitude (Curtis) of 12.0. Between Curtis’ 
magnitudes and the differences vM—C and H—C, called A, the 
combined data give a coefficient of correlation of 0.44, which has 
very little significance. The mean point of the material is at 
m (Curtis)=11.7, A=+1.35. This probably represents a sys- 
tematic error in Curtis’ values amounting to —1.35 at his mag- 
nitude 11.7. It is improbable that the error should be uniform 
over the range of m covered by Table III. A more reasonable 
assumption is that the error vanishes near the limiting magnitude 
obtainable with the Crossley in an exposure of moderate length. 
This supposition is supported by the two faint central stars in 
Table V for which A is negligible. If this is the case, the correc- 
tion to Curtis should be represented approximately by a straight 
line drawn through the mean point of the data of Table V, rejecting 

* Groningen Publications, No. 27, Table IV, 1917. 
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the two faint stars in N.G.C. 6445 and 6772, and cutting the 
axis of m at an arbitrarily chosen-point, say m equals 19.5. The 
formula expressing A, the Correction to be added to Curtis’ m, is 
then 

A=—0.173 M+3.37 (19) 


The effect of this assumed correction would be in the nature of a 
rotation of the correlation curves of Figure 4 in a clockwise direction 


TABLE V 
PHOTOGRAPHIC MAGNITUDES OF PLANETARY NUCLEI 


Object Curtis | yyaanen | Hubble | vM—C | H-C | H-vM 
N.G.C. 40. Io LEO | se ree THO Mladen eee 
GO Mee rate Para Se 12 ate pnove nal Monie ois oe TO cia ccs | eee 
I514 Pte ||| Sree eee ORT.» elec tensyens Oxy. snaneetorarcgs 
2OP Ere Meee e in TAS ite eee 5 a eR cay M in a tr. A 
2S) Bier, PARRA ARTE 12 Tig CG eal Nees IVS. PASM Semen ee 
EKO be Sere Sharh gate 9 TOLO Tal ae Te Oss <ilteye crepe scolar ee 
3 DH OM Macatee ee oh = =| eased Teles alll eee ces eee CY Mea less aaa coi 
RC SEM Meter attece he | lov ep 8 i lace nat esta BAH a sw lens etch ns CE tea Al cc 3 
Deere 508. ..ceNs cies fate = i es Bl ae Sarre let TOU On eke cee ole LO) Pe erteee 
ES OR et tins) dale eiee Ogee dhliei castes TOm Ome | emeeeeorss Ou 2y JL ee Ge ees 
NEG: CAS OPPs. e sek orcs on jova Ball ae ees TOMO || Meee nck 2:8) 9 |neeraeme 
6210 teed BATE Oe cea (eee ee eo DEF lets epcha te] erate 
6445 TOD2 giliccives cow TOME a dee sreee OnO5 lone cote 
6543 9.2 PUeCee loeteer acer BD is WN cates get || ee 
OE Oren ats beatae xtc As 9 10.8 10.2 1.8 TZ —o.6 
oY 10, lacs, anes Aieioe A 13 eA, TAT Hee a7, 0.0 
Oe ne Ses aeons 2 EO, wee eee TSicte |e ene Obi" [ee erene 
(Ostayris hee A ee 12 Ese A Raat an An oi sisdt scerenstel| eiedeten ete bete 
OSS S gerne ase nic hc sy GCA oe eee TAC Oe Mis Nese TSO oliceacraeher 
GOOS maka rare sever ste 13 TASER Re orcusiete Eni paatobis nie ea tints 
7 OORn ante ees ci pike 12 TOGO |bisoenacse OxGia [aia ste.actel|letehnete ere 
7009 DeRe Uilt Steevrecemeye) 1g By Fame Rea er Ae On 75 an Cerna 
TA oPI Ni coe) CRSA SEA 14 ie ON bs cee or Te Ey | plaveters atereucl| easoaemeeemete 
TOC ates Bao ROLE TTI lero occurs sea ia ae eon Si PP tea (Bebo coe 
DAS (CAL (or cae cee eee Ee TESS 2/10 i225 I.4 ERO —0.4 
Mean Tul 07a ev ane cemeccs | See ete eflass 1.34 TSO tl weecacgrer: 


around the points where they cross the abscissa m=19.5. Equa- 
tion (18) corrected in this manner becomes 


m+5.40 log Ar=17.88 (20) 
This curve is probably a fair representation of the data, dis- 


regarding the probable misprints in the decimal points for e in 
the cases of N.G.C. 3242 and I.C. 3568. Taking these into account 
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and correcting Curtis’ values of m and e for the systematic errors 
suggested by the Mount Wilson observations, the recomputed 
correlation curves are: 


RC of m on log A; .... m+3.71 log Ar=16.73 
RC of log Ar onm .... m+g.21 log A,=20.70 
Correlation curve .... m+(5.33+0.4) log Ar=17.880.18 (21) 


Coefficient of correlation .... 0.64 


om= 2.28 log A= 0.389 


The plot corresponding to the corrected data is shown in Figure 5. 


log Ax 


0.50 


m 10 I2 14 16 18 


Fic. 5.—The same as Fig. 4, the data having been corrected for probable system- 
atic errors. The full line represents the correlation curve for an equal weighting of the 
regression curves. 


A curve passing through the mean m and log A, and having the 
slope to be expected on the assumption of an inverse-square law 
of luminosity can be represented by the equation 

m+5 log A:=17.640.17 (22) 
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The two equations (21) and (22) agree within the limits of errors 
over the range covered by the data. 

The general conclusionais in favor of the theory that the plane- 
taries as well as the difiuse nebulae derive their luminosity from 
radiations of associated stars, and that the inverse-square law is at 
least one important factor in determining the distribution of lumi- 
nosity throughout the nebulae. The complicated discontinuous 
nebular spectra of the planetaries, the great intensity in the ultra- 
violet of the continuous nuclear spectra, and the obvious concentra- 
tion of luminous nebulosity in restricted zones, probably disturb 
the simple application of the inverse-square law sufficiently to 
account for the large residuals found in the present investigation. 

There are some indications that the residuals computed from 
equations (21) and (22) may be related to the various types of 
planetaries. The four ring nebulae, N.G.C. 2438, 6720, 6894, and 
7293, all show large positive residuals, averaging +1.80, while the 
globular objects I.C. 3568, 4593 and N.G.C. 6439, 6572, 6578, 
6620, and 66209 all show large negative residuals, averaging —1.50. 
It is possible that when more precise data are available, a complete 
sequence can be established involving relations between residuals, 
on the one hand, and, on the other, spectral characteristics of nuclei 
and of nebulosity, color indices of nuclei, and structure of nebulosity. 

It is worth mentioning at this point that when referred to 
B.D. +30°4199 as the central star, the loop in Cygnus discussed in 
the first part of this paper takes its place among the ring nebulae. 
The maximum distance A, measured to the following edge of 
N.G.C. 6992, which registers in an exposure of forty minutes, is go’. 
m+5 log A,=7.2+12.0=19.2. The residual, 19.2—17.6=+1.6, is 
of the order of that for the other ring nebulae. 

Assuming the inverse-square law to hold rigorously with respect 
to the central stars as sources in the case of the planetaries, and 
assuming further that, within the range of wave-lengths to which 
the fast Seed plates are sensitive, the light emitted by the nebulosity 
is exactly that which it intercepts from the stars, a theoretical rela- 
tion can be derived analogous to that in equation (9). Assumptions 
of random distribution in direction from stars to points of nebulosity 
measured for A are not necessary, for the symmetrical forms of the 
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planetaries indicate that in general the directions of greatest 
extent of nebulosity from the central stars lie close to the plane 
perpendicular to the line of sight. The surface brightness of 
nebulosity on the above assumptions, expressed in magnitudes per 
square second of arc, is found by distributing the light of the star 
over a spherical shell with a radius equal to the distance to the 
point of nebulosity considered. Let this distance, A, be expressed 
in seconds of arc. Then 


S. B.=m+2.5 log 4rA?=m-+5 log A+2.75 (23) 
The unit of relative exposure corresponds to an exposure of six sec- 
onds with the 60-inch reflector, or, if Seares’s value for the limiting 
surface brightness just registered in an exposure of one minute is used, 
to a limiting surface brightness of 18.8+0.3+2.5 log 0.1 =16.3+0.3. 
Substituting this value for S.B. into equation (23), 


m= 5 log A=13.55+0.30 (24) 


which expresses the relation between m and log A, where A is meas- 
ured from the star to the most distant nebulosity which just shows 
in an exposure of six seconds. 

A comparison between this equation and the observational 
equations (21) and (22) shows a discrepancy in the constants 
amounting to from 4.1 to 4.30.6 magnitudes, in the sense that in 
general the observed nebulosity extends to a greater distance from 
stars of a given magnitude than the assumptions permit. Expressed 
in another way, the nebulosity at a given distance from the star is 
about 4.1 to 4.30.6 magnitudes per square second of arc brighter 
than can be accounted for on the assumption that, within the range 
of the fast Seed plates, the light emitted by the nebulosity is exactly 
the starlight intercepted. This may well account for the apparent 
absence of central stars or nuclei from some of the planetaries. 

No adequate explanation of this discrepancy can be made with- 
out a knowledge of the mechanism by which the nebular illumina- 
tion is excited, but a few suggestions may aid in formulating the 
problem. The source of illumination is rather definitely established 
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as located in the central stars. The diffuse nebulae with emission 
spectra fail to show this discrepancy although it seems reasonable 
to suppose that the mechanism of illumination is much the same. 
The most striking difference between the nebular spectra of the 
planetaries and the emission spectra of diffuse nebulae is found in 
the much greater strength of the nebulium lines N, and N, in the 
planetaries. These lines are situated very close to the limits of 
sensitivity toward the red of the Seed 30 plates, and thus tend to 
destroy that equivalence of intensity distribution which the spectra 
of emission diffuse nebulae appear to share with the spectra of their 
associated stars, and by virtue of which they actually follow the same 
luminosity laws as do the diffuse nebulae with continuous spectra. 
The strengthening of the nebulium lines in the planetaries is accom- 
panied by no corresponding strengthening of the continuous spectrum 
of the nuclei in this region. The maximum intensity of the con- 
tinuous nuclear spectrum is shifted to the violet as compared with 
that of the stars associated with diffuse nebulae, and this in effect 
decreases the relative intensity in the region of the nebulium lines. 
If the nebular emission lines were considered as integrated from the 
continuous spectrum in their immediate vicinity, then the strong 
nebulium lines would represent a considerable part of the green 
region to which the Seed 30 plate is relatively insensitive. Such a 
supposition, if it were physically possible, could account for only 
a small part of the discrepancy, for these two lines seldom fur- 
nish more than a third of the nebular luminosity, as is shown by 
Wright’s measures of relative intensities of nebular images made 
on spectrograms obtained with a slitless quartz spectrograph and 
a reflecting telescope, which are comparable with the direct photo- 
graphs used in deriving the data of the present discussion.* 
Another difference between planetaries and diffuse nebulae is 
found in the greater intensity of the ultra-violet continuous spectrum 
of the planetary nuclei as compared to that of the stars associated 
with diffuse nebulosity. The nuclear spectra are in general pre- 
dominantly continuous. When corrected for atmospheric absorp- 
tion, the energy curve of the continuous spectrum rises more and 
more steeply with decreasing wave-length up to the limits of reflec- 


¥ Lick Observatory Publications, 13, Part VI, 1918. 
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tivity of silvered mirrors. Wright remarks, “Where the maximum 
is cannot be conjectured.” It is certainly at a wave-length less 
than 3300 A. Thus the nebulosity receives a vast amount of energy 
in stellar radiations in a region of the spectrum which plays but a 
minor réle in the determination of photographic magnitudes. Itis 
entirely conceivable that the energy in these continuous radiations 
may be absorbed by the nebulosity and, by some mechanism analo- 
gous to that of fluorescence, be re-emitted as discontinuous radiations 
of longer wave-lengths. If this were the case, the m in equation (20) 
would be replaced by one of smaller numerical value representing a 
sort of ultra-violet magnitude, and the discrepancy in the constants 
would be materially reduced, if not entirely eliminated. Following 
this line of thought, the suggestion arises that the nebulium lines 
may possibly reveal themselves as fluorescent spectra of hydrogen 
or helium or a mixture of the two. 

There exist in the solar system itself possible analogies to the 
mechanism by which emission luminosity may be excited in nebu- 
losity by radiations emanating from a continuous source. Chief 
among these are the terrestrial aurorae, the solar corona, and the 
comets. In each of these cases, radiations of some sort emanating 
from the sun excite matter in a gaseous state to luminosity of a 
discontinuous nature. The prevailing opinion concerning the 
aurora is that the phenomenon is due to the ionization of atmos- 
pheric gases by high-speed charged particles. 

H. N. Russell’ has made suggestions of a similar nature to 
account for the spectrum of emission nebulae. Such a mechanism 
would account for the inverse-square law quite as well as a mechan- 
ism based on ethereal radiations, and would probably find no serious 
obstacle in the excessive luminosity of the planetaries. Further- 
more, this explanation was also formulated from independent con- 
siderations, namely, the relations which Russell found to exist 
between relative sizes of monochromatic images of individual 
planetaries and ionization potentials of the radiations forming the 
images. 

* Observatory, 44, 72, 1921. Russell states that the luminosity of gaseous nebulae 


is probably due to ionization of the gases by radiations from associated stars, and that 
the radiations may be either ethereal or corpuscular. 
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Relations of a similar nature are suspected in the monochromatic 
images of diffuse nebulae with emission spectra. In these cases, 
however, the quantitative agreement between nebular and stellar 
luminosity, both for purely emission nebulae and for those with 
mixed spectra, appears to favor the notion of ethereal radiations. 
This agreement may of course be due to the nature of the relations 
between intensities of corpuscular radiations and spectral types or 
temperatures of the stars. 


Mount WILson OBSERVATORY 
August 1922 


NOTE ADDED DECEMBER 21, 1922 


The stars within the great loop of nebulosity around the belt and sword of 
Orion sum up to an integrated apparent photographic magnitude of about 0.0. 
The loop extends to about 5°7 or 342’ from the estimated center of gravity of 
the stars considered, and registers very nearly to this limit in exposures of 
about three hours. Therefore m+5 log a:=11.5, a value more representative 
than that derived from considering ¢ Orionis alone. 

New material on about 4o per cent of the objects in Curtis’ list of planetary 
nebulae confirms the suggested systematic corrections for m and e as being of 
the right order of magnitude. 
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ORBITS OF THE SPECTROSCOPIC BINARIES 
LALANDE 13792 AND AOE 12584 


By R. F. SANFORD 


ABSTRACT 


Orbits of the spectroscopic binaries Lalande 13792 and AOe 12584.—Both binaries 
are dwarfs, with absolute magnitudes of about +5. The elements of each, deter- 
mined from more than twenty spectrograms, are respectively: P, 32.8092 and 
5.4145 days; e, 0.080 and 0.000; K, 27.5 and 64.9 km/sec; y, +109.7 and 
— 97-4 km/sec. In the case of AOe 12584, the lines of the secondary show faintly 
and give for K, +74.0 km/sec, and for the functions m sin3 7 and m, sin3 7 the values 
0.803 and 0.704@. The large space velocity of AOe 12584, like that of Lalande 29330, 
is directed away from the quadrant which the apices of other stars of large space 
motion in general avoid. 

Differences between dwarf and giant binaries——The six spectroscopic binaries of 
the dwarf division whose orbits have been determined by the writer display smaller 
eccentricities for a’ given period group than do giant binaries, as has been shown by 
R. E, Wilson from data relating to both visual and spectroscopic binaries. Further- 
more, they have a mean period much shorter than that of the majority of giants of 
the same spectral division. 


The orbits of nine spectroscopic binaries determined by the 
writer at the Mount Wilson Observatory have appeared in two 
previous papers.* In the introduction to the first of these may be 
found explanations of the tables of observations, methods of obtain- 
ing and correcting the preliminary elements, and the formation of 
the velocity curves. In general these statements apply to the two 


TABLE I 
Spec- | Vis. No 
Name Mag. a(Igo00) 5(1900) tral | Abs. a a Sp. Ree 
Class | Mag. s 


Wal. 13792—H.D. 54371..-| 7.0 | 72 3@5 14-25 54 | G5 || 4.8 || 07225) 07036)" 26 
AOe12584=H.D. 107760..| 8.2 |12 17.9 |+73 48 | GO | 5.4 | 0.49 | 0.028] 340 


H.D.=Henry Draper Memorial Catalog. 


spectroscopic binaries whose orbits are presented in the present 
contribution. All of the data in Table I are taken from the list 
of spectroscopic parallaxes of 1646? stars. The last column shows 


™ Mt. Wilson Contr., Nos. 201, 221; Astrophysical Journal, 53, 201, 1921; 55, 30, 
1922. 
2 Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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the number of revolutions of each star in its orbit between the first 
and last observation of velocity recorded in the tables of observa- 
tions. 

LALANDE 13792 (B.D.+25°1594) 


This star was placed on the spectroscopic observing list to 
increase the data for the curves used for the determination of 
absolute magnitudes, since the parallax, 07031, derived at the 
Allegheny Observatory, together with the apparent magnitude, 
showed it to be a star of low absolute magnitude. The annual 

TABLE II 


OBSERVATIONS OF LALANDE 13792 


Plate No. Date G.M.T. Phase Velocity O-C 
km/sec km/sec 

Ye COA Tegaie orc seielave 1920, Jan. 6 22ho2™ 132588 + 1.4 —3.0 
OO7Ow ae ere Mar. it 18 32 12.825 + 5.2 +3.5 
QCOOne de tays wie Sept. 29 © 07 17.202 aR —On0 
O7ES2eo cee Nov. 3 0°35 19.411 +32.6 +3.0 
COG ACHERN ae rite iciec Noy. 21 © 55 4.616 + 1.8 =-3).0 
OS8 OMe sete Dec. 27 Dees ite, 8.762 — 5.8 + 1.5 
QOA Tei sitis eames To2n, Webs23 20 14 ©.904 =+-13-4 8 
TOOO7, sireweyeus euatvene Mar. 17 L750 22.894 ae? — re 
Cogs os eee Mar. 20 I7 10 25.866 +51.2 sees 
A ATOL OO eerie Apr. 19 16 23 23.025 +47.7 +4.9 
LOUD ate en ee Apr. 21 I7 42 25.080 +37.7 —9.2 
TOOSIy hk eis eteens Decses I 00 25.719 +53.6 +6.2 
TOPSA Ty Mie te me To22, Jan. 12 22 26 28.803 +47.4 +3.9 
GYR Thoks Mas teeta: Jan. 13 23 43 29.956 +30.5 —0.2 
ay, LO OOM ate) eiciets cl Janse a7 tg) 31.586 3020 +0.9 
LOS? Sty eee eee Feb. 14 ToeG2 28.831 +38.1 —5.3 
Cogeco atte ees Feb. 15 IQ 00 29.851 +41.6 +1.9 
WITOSAOM Ree Feb. 18 I5 24 32.701 +26.0 +1.5 
LOSOTe ioc ets Mar. 6 18 26 16.018 +12.0 255 
Geico net odes Mar. 8 IQ 25 18.060 +27.6 +4.0 
AY sLOOT ORE aS OEE Mar. 17 pea 26.982 aD +o.1 
TLOOA AL pyencirreneae May 4 16 14 9.308 —10.6 = Ss) 


* Given weight 3 in least-squares solution. 


proper motion, 0%225, is in keeping with this conclusion. The 
parallax derived by the spectroscopic method is 0%036, in good 
agreement with the trigonometric value. The variability in radial 
velocity was strongly suspected from the measures of the third 
plate, and definitely confirmed by that of the fourth. Twenty-two 
spectrograms have been secured. (Table II.) 
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The estimated spectrum is G5, with lines of satisfactory quality. 
There is no certain evidence of the spectrum of the secondary star. 
It was found possible to d$semble all the velocities upon a satis- 
factory preliminary curve with 32.8092 days as the period. The 
twenty-six orbital revolutions which separate the first and last 
observations make an interval so long that only very small changes 
in the period could be made without seriously disturbing the 
velocity-curve. Hence this period has been considered final. 

Preliminary elements derived by Russell’s method and by the 
graphical method of Lehmann-Filhés were in substantial agreement, 
the latter giving 
PRELIMINARY ELEMENTS 

32.8092 days 
0.052 
99°7 
+28.3 km/sec 


J.D. 2423073.7 
+21.2km/sec 


So ANS heap toy Stas, 


An ephemeris computed with these elements gave the residuals 
for the velocities. Three plates as indicated in Table II were 
assigned weight one-half on account of their poor quality. All 
others were given weight unity. 

The final elements result from the correction of the preliminary 
values by two least-squares solutions, the second being undertaken 


FINAL ELEMENTS AND PROBABLE ERRORS 


De 32.8092 days 
é 0.080 +0.039 
w 82° 1 26°1 
K 27.5==1.0 km/sec 
fk J.D. 2423071.941 + 22334 
Y +19.7 km/sec 
a sin 1 12,383,000 km 
oer 
nea 0.0705 © F 


because of rather large differences between the residuals derived 
from the elements as first corrected and those derived by substitu- 
tion of the unknowns in the conditional equations. Although the 
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quantity =v? for the final elements, which is seventy-two per cent 
of its value for the preliminary elements, scarcely differs from 
that for the elements as first corrected, the ephemeris and con- 
ditional equations give residuals that are in satisfactory agreement, 
moreover, the probable errors for w and T have been materially 
reduced, although those for K and e remain as before. The prob- 
able error for a velocity of unit weight is +3.0 km/sec. 


km/sec 


+60 


—16 —12 —8 —4 fo) +4 +8 +12 +16 +20 Days 


Fic. 1.—Velocity-curve of Lalande 13792 


In the radial-velocity diagram (Fig. 1) the velocity of the system 
has not been represented in the usual way, since its value, +19.7 
km/sec, is so nearly that of the line whose ordinate is +20 km/sec 
that, with the scale used, no distinction could be made between the 
two. 

AOe 12584 (B.D.+74°493) 


This star was placed on the Mount Wilson observing list for 
the determination of absolute magnitudes by the spectroscopic 
method because of its large annual proper motion (0749) and its 
apparent magnitude (8.2), which suggested low luminosity. The 
observations gave an absolute magnitude of +5.4, spectral class 
G6, and the second spectrogram revealed the variation in its ra- 
dial velocity. T—wenty-four plates (Table III) have been secured with 
the 60-inch reflector, using a one-prism spectrograph provided with 
a camera of 18-inches focus, except that for the second, third, and 
fourth plates a camera of 7-inches focus was used. ‘These have been 
assigned half weight. The northerly declination of this object 
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puts it beyond the reach of the Hooker telescope, the use of which 
would have been advantageous, for with the 60-inch reflector, even 
under fair conditions, it has been necessary to use exposures of 
about three hours. Under poor conditions, which are likely to 
occur at the season when the star is best placed for observation, 
longer exposures have been necessary and some plates are rather 


TABLE III 


OBSERVATIONS OF AOE 12584 


VELOCITY 
PLATE No. Date G.M.T. 1S ONG ie as Abe 
Prim. Second ; 
km/sec km/sec | km/sec 

ers TORT xt TOL7, Apr, 4 |-208207° | 290427|— Tsou Ilva.ce ae = OnOn |mnOnS 
60267. one. 1918, May 24 | 17 25 TOO Wal || 21 | Gecaenercets ares || ss 
STO? ee aoe 1919, May 13 IQ 25 2'5 130) On OF |eeroe entire 110.2 0.5 
B202* oe a June 13 £7) 23 ES Oat OO ede || eetnereete ae oe: OnS 
O06 Osc 1920, Mar 98. | 20) 30. 4/"5).385) |= 33.0 |= 1030s ons, I.0 
TOQOO™, «saree 1921, Mar. 16 | 21 02 4.803 |— 44.1 |—149.1 |+ 4.0 1.0 
TOOOGs eiayers Marez7 |) 20°23 0.362 |— 37.7 |—168.0 |+ 0.4 I.0 
EGLO aise Apr. 18 || 19 49 | 5.267 |— 38.6 |—156.6 |—' 5.2 | os 
LOVES 2 a e-3. Apr. 21 | 2I 00 2.901 |—151.8 |— 28.0 |+ 8.9 1.0 
FOLDERS «ean Apr. 25 | 20 18 Lea A | AKOPE TE MNS 5 oclo oie ae Bel 1.0 
LOEAG =. che.2-s May 14 | 18 45 AeA Sal —NOOe AL een — 5.6 TO 
TSAR a rane May 15 | 19 22 Katyn l= Ye} || alOp oe) [2 I.0 
FOZOGinys, seve. June 14 | 18 I0 REOST a= EOORAN| saree aie 0.5 
TO2ZO2 Me an, - June 15 | 18 oo BeO80 123 5oe|— ss Ona eae 0.5 
TOZOOV 2a une= £00 |6r7 53. IA O2onl—— SOL alors scr: EE!5. | Ons 
HO? LOe a= ens June 18 | 17 39 Te 200 =o 70s aera = 57 I.0 
ROQIO cali ain ine 20) 2177-36 Batoon|—= 150. su 3 10) | =m Ona I.0 
BOLSTER ae July rx | 17 23 «| 2-532 |—158.0 |— 33.6 |-+ 2.9 | z.0 
ODS G00, jalya2 |e one Seis2'35l|— once lleeactne cea 4-10.1 1.0 
TO202 ues a = July 13 | 17 07 | 4.521 |— 50.1 |—135.4 |+°5.2 | 1.0 
LOTT Nee July, 16. | 17 06. | 2.105 |—148-8|— 27-7 |— 127 | “t.0 
TOGO 2 tee ates 1922, Mar. 6 | 21 45 2.474 |—158.0 |— 27.2 |-- 1.3 | 0-5 
TOOOS oe Apr 7 (10.26 Dy OOL || US Aa lceterreeets — 2a | Ons 
REOOOM Ae a5. Apr. 18 | 18 29 2.021 |\—143).7 |— 20.2) |— O70 TO 


* Taken with 7-inch camera. 


underexposed. Weights have been assigned accordingly. The 
spectrum shows a satisfactory set of lines for measurement when 
the velocity is near that of center of mass. But the secondary 
spectrum is bright enough to render the spectral lines of the primary 
less distinct by the superposition of the continuous spectrum when 
the radial velocities of the two components differ. Measures of 
the radial velocity of the secondary have been made on several 
plates, as Table III shows, but are not considered suitable to the 
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determination of any element except the amplitude and the relative 
masses of the two components, to be referred to later. 

A set of preliminary elements, derived after twenty spectrograms 
had been secured, has already been published. One branch of the 
velocity-curve was later strengthened by four additional plates, 
after which a second set of elements was derived. 


PRELIMINARY ELEMENTS 


(x) (2) 
PF 52414 5241454 
e ©.000 0.025 
bh 204° 
K 64 km/sec 67 km/sec 
K, 70 km/sec 
T J.D. 2422798.875 2422856. 162 
Y —97.5 km/sec —o97.8 km/sec 


The differences are slight, when it is considered that for circular 
elements the epoch is arbitrary and that K, has been left for deter- 
mination in a more accurate way. 

The second set indicated a slight eccentricity, the reality of 
which it seemed more satisfactory to leave to the outcome of a 
least-squares solution. Since 340 revolutions separate the first 
and last observations, the period has been taken as definitive. If 
K, is derived independently, and w, for the secondary is taken as 
w+180°, there remain only five elements to be corrected by the 
method of least-squares. 

As often happens when the eccentricity is small, two of the 
resulting normal equations were practically identical. Hence 
only four, instead of five unknowns, could be determined satisfac- 
torily. In this case, instead of corrections to w and T, a correction 
to u, the argument of latitude, results. As a matter of fact, three 
sets of corrections have been derived, (a2) one which corrects all 
five elements, (b) another set which corrects three elements and the 
argument of latitude, , and (c), a set like the second, except that it 
is based upon the twenty-two spectrograms that remain after the 
rejection of two (y 8170 and y 10255) with large residuals. The 


t Publications American Astronomical Society, 4, 283, 1921. 
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value of pv? for the elements thus corrected becomes less and less, 
both for all the observations and for the twenty-two considered 
in the last set. In other words, the rejection of the two observations 
showing large residuals leads to corrections which do not materially 
affect the size of these residuals and does improve the representation 
of the remaining observations. 

A comparison of the residuals derived from an ephemeris based 
upon set (c) with those derived from substitution into the conditional 
equations showed that the elements might be further improved. 
Since these corrections had reduced the eccentricity to 0.005, this 
element was assumed to be zero and another least-squares solution 
for corrections to y, K, and T was made, T now being referred to 
the time of the smallest negative velocity of the primary. After 
these corrections had been applied, ephemeris and conditional 
equations gave practically identical values for the residuals. Hence 
these elements are considered definitive. 

K, has been determined from the relation K,=K (P=) in 
which V is the computed velocity for the primary, V, is the observed 
velocity of the secondary, and y and K are elements of the primary. 
The weights assigned depend on the number of lines measured in 
determining V,. 


FINAL ELEMENTS AND PROBABLE ERRORS 


EF 5941454 

K 64.9+1.3 km/sec 
K, 74.0 km/sec 

T J.D. 2422853.1200%020 

7 —97.4 km/sec 

@ sin 4 4,833,000 km 

da; sin 7 5,510,000 km 

m sin3 4 0.803 © 

My Sin3 4 0.704 © 


Reference to set (1) of the preliminary elements will show how 
closely they agree with the final elements, and that the choice of 
set (2) was not a happy one, although for this case the eccentricity 
was not arbitrarily assumed to be zero. 
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If all twenty-four plates are considered, the probable error of a 
single determination of radial velocity of unit weight is + 4.0 km/sec, 
and +2.9 km/sec if based upon the twenty-two plates finally 
used. The probable errors for the elements are based on the 
larger of these two values, which is also used as radius for the 
circles representing the individual velocities in the diagram in 
Figure 2. The barred circles refer to velocities derived from the 
three spectrograms taken with low dispersion to which reference 


km/sec 
20 


— 60 


— 100 


—2 —I ° +1 +2 +3 +4 Days 
Fic. 2.—Velocity-curve of AOe 12584 


has already been made. The larger circles represent the velocities 
for the secondary star as far as they were measured. Their evident 
inaccuracy did not seem to warrant the inclusion of a velocity-curve 
for them. . 

Including the two binaries discussed in this paper, six of a total 
of eleven whose orbits have been derived by the writer at Mount 
Wilson have absolute magnitudes that place them in the dwarf 
division. Since binary stars of low luminosity are relatively few 
in number, it is of interest to collect certain elements for these six 
stars, as has been done in Table IV. 


444 


ORBITS OF LALANDE 13792 AND AOe 12584 9 


Attention has already been called to the fact that the dwarf 
binary Lalande 29330" has a period and an eccentricity both of which 
are small for a star of its spectral class when compared with mean 
values based upon hitherto existing material, relating, for the 


TABLE IV 
- App. | Sp. | Abs. Ne my sins i 
Name | Mag. | Class| Mag. a : “s : asuie (mF ms)? 
km/sec | km/sec km © 

OZ 82.....| 7.0 | Fo | 4.1 | 440000 Jo.060] 36.1 |+37.4 | 1.98X10°} 0.0193 
Lal. 29330..| 8.5 |Ko | 6.0 | 4.2850 |o.089] 38.1 |—60.6 | 2.24X108] 0.0244 
Lal. 49867..] 7.3 |K2 | 6.0 | 6.7217 Jo.os9] 38.5 |—19.8 | 3.55X10°| 0.0396* 
AOe 12584..] 8.2 |GO | 5.4 | 5.4145 Jo.000] 64.9 |—97.4 | 4.83X108|].......... 
75 Cancri...| 6.0 | G2 | 4.1 |19.4589 |0.206] 20.2 |+12.3 | 5.26X10°| 0.0157 
Lal. 13792..| 7.0 |G5 | 4.8 |32.8092 Jo.080] 27.5 |+19.7 |12.38X10°| 0.0705 


* Given erroneously as 0.0125 © in Mt. Wilson Contr., No. 201. 


most part, to giant stars. Forming mean values of spectral class, 
period, eccentricity and absolute magnitude for the six binaries, 
we find the data of the first line of Table V. This is followed by 
the similar data for class G stars taken from a table by Aitken.? 


TABLE V 
Spectral Class Period Eccentricity Abs. Mag. 
(C7 an Sma een ae 12 days 0.082 +5.1 
Gree tenes eee 267 days °.129 Mostly giants 


When it is considered that the first line shows mean values for 
stars whose spectral classes range from F9 to K2,and that in the table 
from which the second line is taken the value of ¢ is larger for the 
spectral divisions which precede and follow G, it appears that in 
Table V we again have evidence that dwarf binaries have shorter 
periods and smaller eccentricities than do giant stars of approxi- 
mately the same spectral class. 

Dr. R. E. Wilson has also discussed the period-eccentricity rela- 
tion’ for binary stars, and as far as his data go, finds that for the 


i Mi. Wilson Contr., No. 201; Astrophysical Journal, 53, 212, 1921. 
2 The Binary Stars, p. 199, 1918. 
3 Astronomical Journal, 33, 147, 1921. 
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same average period dwarf stars have an average eccentricity smaller 
than that of the giants. In order to display this feature, the 
material in Table I of his paper corresponding to that in Table IV 
above is reproduced in Table VI. The first column gives his 
number of the period group, the range in each of which is given 
in the second column. Then follow pairs of columns which show 
the mean eccentricity and the number of stars for giants and 
for dwarfs, and, finally a pair which give the same data derived 
from the six binaries in Table IV. 


“ TABLE VI 
GIANTS Dwarrs Dwarrs (SANFORD) 
Group PERIOD 
e No e No. € No 
BUEN Recess 4— 8 days O.1I4 19 ©.020 3 0.052 4 
Brees cece 8- 25 days 0.250 22 ©.132 4 0.206 I 
Bee stalaaiah 25-100 days 0.468 15 0.010 I 0.080 I 


It is readily seen that the eccentricities for the first column of 
dwarfs are systematically smaller than those for giants, which is 
borne out rather well by the spectroscopic binaries whose eccentrici- 
ties are displayed in the next to the last column. 

Both Aitken’ and Wilson? have called attention to an apparently 
abrupt change in the mean eccentricity for the stars with periods 
between 25-100 days. 

Although the data for such a conclusion are meager indeed, 
the same phenomenon is shown in the last column of eccentricities, 
but it is by no means certain from either the fifth or seventh columns 
that there is a minimum in the eccentricity-period relation for 
group 4 or a maximum for group 3. Two:more dwarf binaries for 
which I have nearly enough material for orbits will add one star 
each to groups 2 and 3 and will have eccentricities consistent with 
the values given in this seventh column. Orbital elements of 
dwarf spectroscopic binaries falling in groups 3 and 4 are therefore 
especially to be desired in order to settle (a) the reality of this 
departure from a smooth curve in the period-eccentricity relation, 


t The Binary Stars, p. 197, 1921. 2 Astronomical Journal, 33, 147, 1921. 
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and (6) whether the departure means a maximum for group 3 or a 
minimum for group 4. , 

It is of interest to note that two of the binaries of Table IV, 
Lalande 29330 and AOe 12584, have large velocities of the center 
of mass (y). Their space motions place them in that group of 
stars of large space-velocity whose motions have been discussed 
by Adams and Joy™ and later more completely by Strémberg, 
and whose apices are directly away from the quadrant of avoidance 
shown to exist by these investigators. 


Mount Witson OBSERVATORY 
September 1922 


1 Mt. Wilson Contr., No. 163; Astrophysical Journal, 49, 179, 1919. 
2 Proceedings of the National Academy of Sciences, 8, 141, 1922. 
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STELLAR SPECTRA OF CLASS S 


I. GENERAL DESCRIPTION 
By PAUL W. MERRILL 


ABSTRACT 


Class S stars.—A number of red stars have spectra similar to that of R Geminorum, 
which differs from the recognized types of the Harvard classification. It is proposed to 
group them into an additional class with the symbol S. A provisional list of 22 S stars 
is given, including the following long-period variables: X and R Androm., R and T 
Camelop., V Cancri, R Can. Min., U and S Cassiop., R Cygni, R and T Gemin., 
RW Librae, R Lyncis, R Orionis, T Sagittarii, and S Urs. Maj. Characteristic spectral 
features are shown by typical spectrograms and by a table of forty-three lines from 
4500 to A 4860, particularly a complicated structure between \ 4630 and 2 4660. 
The absorption lines \ 4554 (Ba) and \ 4607 (Sr) are unusually strong, and there is an 
absorption band in the red extending from ) 6470 to longer wave-lengths. A remark- 
able feature is the presence of enhanced lines of iron, \d 4584, 4924, and 5018, as 
emission lines. As in the case of class M stars, the variables alone show strong bright 
hydrogen lines (type Se); H§ is more intense than Hy, and the lines are narrow. A list 
of the plates obtained at Mount Wilson, including the dates, phases, and notes as to 
the individual spectra, is given. The relationship to other classes is discussed. While 
the S stars appear to be more closely related to giant Ma stars than to any other type, 
they probably do not belong in either the G-R-N or the G-K-M branch, but form a third 
branch. The recognition of these stars as a distinct group should aid in the general 
study of long-period variables. 


In Secchi’s classification of stellar spectra, made nearly sixty 
years ago, there are two great groups of orange and red stars, 
namely, types [IlandIV. Both types are marked by characteristic 
absorption bands which face in opposite directions in the two 
types. Those of type III are now known to be due to titanium 
oxide, and those of type IV to carbon. In the more detailed system 
of classification developed at the Harvard College Observatory, 
these groups, called classes M and N respectively, have been sub- 
divided, but stars with intermediate spectra have not been found. 
No object is known to show both carbon and titanium bands; 
these spectral features seem to be mutually exclusive. Accordingly 
there is no place for the carbon stars in the spectral progression 
which runs without a break through the sequence of classes B, A, 
F, G, K, and M, since the latter end of this chain is characterized 
by increasing strength of the titanium bands. The alternative 
arrangement for class N is a side branch paralleling the main 
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sequence in the K-M region. The discovery of the class R stars, 
which in color and spectroscopic details are intermediate between 
classes G and N, strongly supports this view." 

Among the long-period variables there are a number which are 
not clearly of either class M or class N, and which have been 
variously classified by the Harvard observers. The following 
statement in regard to these stars is found in the introduction to the 
Henry Draper Catalogue: 

Several spectra which have hitherto been called Md1 or Mdz2, in which HB 
is the strongest bright line, are found to be peculiar and are designated Pec. in 
Table I.“ The variable stars R Andromedae, U Cassiopeiae, S Cassiopeiae, 
R Lyncis, R Canis Minoris, T Geminorum, and R Cygni may be given as 
examples. These spectra do not show the titanium bands having bright edges 
at 4762, 4954, and 5168 as in all divisions of Class M, but more nearly resemble 
the spectrum of x Gruis, which may be placed in a subdivision of Class R, 
assuming some peculiarities. 


Few observations of any of these stars have been made with 
slit spectrographs until recently. Spectrograms of R Cygni were 
secured by Wright? in December, 1911. They showed a complicated 
spectrum most of whose details could not be identified. Several 
stars of this type were included in the radial velocity observations 
of long-period variables made by the writer at Ann Arbor from 1913 
to 1915, but in only one case was the exposure sufficient to show the 
absorption spectrum; R Lyncis, photographed in February, 1915, 
was found to have a spectrum resembling that of R Cygni as 
observed by Wright. 

Since resuming the investigation of long-period variables at 
Mount Wilson, I have photographed a number of objects which 
have spectra of the same type as R Cygni and R Lyncis. They 
have been recognized as forming a special group distinct from either 
class M, N, or R. The designation class “S” has been suggested 
for them by the action of the International Astronomical Union at 
the Rome meeting in May, 1922. 

* The relationships between classes G, R, and N have been thoroughly discussed 
by Rufus, Publications of the Observatory, University of Michigan, 2, 103, 1916. 


2 Monthly Notices, 72, 548, 1912. The preceding article gives an account of visual 
observations by Espin. 


3 Publications of the Observatory, University of Michigan, 2, 45, 1916. 
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It is the purpose of this article to furnish a description of spectra 
of class S together with some remarks on the relationship to other 
classes. The general conclusion may be anticipated here by stating 
that the S stars probably form a third branch of the spectral 
sequence in addition to the G-K-M and the G-R-N branches. 
(See page 17.) 

In Table I is given a first list of stars of class S. The observa- 
tions upon which the inclusion of each star depends may be inferred 


TABLE I 
PROVISIONAL List OF STARS OF CLAss S 
Name H.D R.A. 1900 Dec. 1900 Mag Spect Period 
days 
XG ANGTOM es 22) <2 1167 obro™g =| +46°27’ | 8.1-14.2 | Se | 346.5 
RO Androni. =... . 1967 o 18.8 +38 1 5.0-14.0 | Se | 410.7 
U Cassiop, ...... 4350 °o 40.8 +47 43 | 8.0-16. Se | 276.0 
SC asso: aa. es. 7769 rp eee +72 5 Vpirtivasy || ase) | (rete). 5 
ak Camelop. Soe 20147 4n80n3 +65 57 7.0-13.5 | se | 370 
REOTIONIS) ase o 5 31798 4 53.6 | 4) 7.50 | 8.7-13.5'| Ser-| 378.5 
¢ 35155 BeLo = TO0A5 / font pte idler v cows bce 
ROG YA CIS Sais os 51610 6 53.0 | +55 27 | 7.0-13.8] Se | 370.2 
Ro Gemm.e. «: 53791 Te tte se |eaie22552 01 O-4-1a or memes 7 
Re Can Mins... 54300 7a 2e 2) Wi eTO a |e 2—=LO- On| Oem E33 7.277 
58881 7 22,4 | —TT 31 9.0 Sic oilers enreetee 
SPRGEDI pit es 2 63334 7AS+3 | 23.50. | 6050325 || Se) || 283. 
63733 Anes SAG 8.5 S. | eeteae ene 
\P kGaiivornte aoe meen 70276 8 16.0 | -r7 36 | 725-1370 | Se | 27205 
Sy Urs. Majo... | rr0813 12 39.6 | +61 38 | 7.3-12.5 | Se | 226.5 
T2T4A47 || 13 50.3. | —37145 8.1 Sy laeega nent 
R Camelop...... 1272260 | 14 25.2 | +84 17 | 7.9-13.7 | Se | 260.5 
RW Librae...... 130734 | 1S £72 —23 42 | 8.6-11.7 | Se | 490 (about) 
172804 1O03700 + 6 43 9.1 poe a Pe rac 
Mee OAC TATIE cata [errr IQ 10.5 —L7anO 7-2-1220) |esen Eso Les 
Oy OT eee | eer LOn 3A nT e-|e-1-401 505) | O.On0s1O) Im Sean 4c0 
TGR aie ened apa 22 16.6 —46 27 6.6 Seer ee 


from Table II, which gives a record of the Mount Wilson spectro- 
grams, and from the Harvard notes and the brief discussions of each 
star which follow. It is highly probable that future observations 
will disclose additional stars of class S, especially among the long- 
period variables. It is less likely, though not impossible, that one 
or two stars of Table I will be shown by improved observations 
to belong to some other spectral class. 

Table II contains a record of most of the Mount Wilson spectro- 
grams of stars of class S. They were secured with one-prism slit 
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TABLE II 
JOURNAL OF OBSERVATIONS 


Intensities 
Star Plate Date Mag.|Phase| = Remarks 
Hp | Hy | Hé 
‘a ays 
C1454 | 1921, Nov. 13 | 9.5 |—1 12 2 
XX ANGrom ne savin ae.ceyetore { C1462 TNisen 14 | 9.5 |—18 ge tous 
ie 1919, oe 317.5 |—25 5 2 I 
130 ct, “15 | 7-5 |—73-4 4 2 2 
ReAndromiytelssit aces. Chis Oct. 16] 7.5 |—x2 6 3 3 
C 1499 | 1921, Dec. 15 | 7.5 |—16 | 12 5 5 
. C1449 | 1921, Nov. 12 | 8.2 |— 4 8 4 4 
U ali ee Ee cesbeealnna wits { C1455 Nov. 13 | 8.2|—3| 0 4 3 
Si (CAsSlOps 5 hisrejerers sicnssie 7 10755 | 1922, Jan. 13 | 8.9 |+22 7 A Rea 
TuCamelopsi os cesses y 11245 | 1922, Aug. 9 | 8.8 |—36] 5 Oe eters Obs. by Hoge 
PD os516Sithecicce since C672) \" 1920; Sept: - 26117720) ll xcyareelointoveval toes paternal 
yy 8727 | 19190, Oct. 3 | 7.4 |—27 8 3 0.5 
G@ 127 Oct.. 14 | 7.0 |—16 ] 10 5 2 
C33) Oct. 15 | 7.0 |—15 | 12 6 2 
C 144 Oct. 17 | 7.0 |—13 | 12 6 2 
C 68 | 1920, Sept. 28 | 7.2 |—30 8 eel cae 
Coser Dec. 27 | 8.3 |+60 | 10 4 lols 
Ri Gemin.....cceeces sc C)-1330:4' 1927, Sept. (25 |) 82m | — 50 1eew eossilee eae 
yy 10524 Oct. 10] 7.2 |—31 | 12 
1402 Oct 13 rE l= 28. oe aeons seer Red region 
C 1408 Oct AEA iriea: 27 Heusen Red region 
C 1456 Nov. 13 | 7.2 |+ 3 | 15 7 2 
C 1501 Dec. 15 | 7.3 |+35 | 12 id 2 
Cerso2 Deer 2577). | Aros. lees teem ot ee ...| Green region 
C 294 | 1920, Mar. 3 | 8.0 |—10 | 15 5 0.5 
C 200 ue 4 Hoe = 9 15 5 | °-5 
* 9047 exuon oo }— 3) diaierae 
RGGane MING by iaxcare’s ters C 900 | 1021, Feb. 25 | 8.3 |+20 | 15 7 2 
9990 Feb: 28) )|-8:3.\} 1:23) Woes aicivetasll eee Red region 
C1522 | 1922, Jan. 12 | 8.5 |—33 6 Bt) lhe a. 
* C 968 | 1921, Mar. 28 | 9.1 |—23 2 0.5 | 0.5 
TeiGemin, {aceeecraserisiere { € r009 Apr. 20.| 8.6 |4+- 0 | 20 P a 
PDD HOSG9 3S orste ace eenucece C3464 4) -zo2T;NOVs L4| Sinsmters weal crate lineese meet 
C 194] 1919, Nov. 9 | 8.0 |+10 | 15 7 2 
y Hae New. 13 ec@ +14 7 2 I 
Y 3 Ov. I4 :O |+15 6 3 6.7 
Wii Canc8icracins ciate «+++ 44 orga | roaz, Apr. 27 | 7.9 |— 3 | 20 5 37 
y 10757 | 1922, Jan. 13 | 7.9 |—12 9 a 0.7 
C 1552 e ED 708 ee | ES 8 3 
C 369 | 1920, Apr. 8 | 8.5 |—31 7 tae ee 
C 1373 Apr. 10 | 8.5 |—29 | x11 EEN Riese 
Y 9252 June 3 | 8.2 |+25 6 a toad een state 
Sy Urss Mayanaenicsan fle ¥ 9848 Dec. 29 | 8.4 |+25 6 4 I 
C 866 | ro2z1, Jan. 28 | 8.8 |—s2 4 Be Mis ts 
C1553 | 1922, Feb. 11 | 8.5 |—28 7 Bir lhaeatere 
C 1626 Mar. 19 | 7.6 |+ 8 fe) 6 I 
ER DT oRAAyorcueerteesine C.27.66,)|| ao22Miay Ax6 Ni Sew Nesters ees tal eon eae aeers 
OY Bie IQI9Q, fuse 9 eg Ee inal peas 
R Laetitia ead MAC TO: 1S 22) ca nOa eaten eC sire sis 
Camelop. SUI ya 83aa8 July 8 | 8.9 |+36 2 ei vier or re 
y 11077 | 1922, May 17 |} 8.2 |—18 4 2 0.4 
FEDS17 2604 iene re yl G472)| "1920; June! 6. Mortal cel eee eee -| Obs. by Sanford 
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TABLE IIl—Continued 


“ Intensities 
Star Plate Date Mas\Phise SS Remarks 
Hs | Hy | Hé 
Pronk days 
SDSS RIGCATIN, «a icias, 5 <feis oe Cr1osg | 1921, June 20 |8.5+/+309 7 3 I 
1922, July 13 | 9.1 |+65 6 2) Vesiawss 
C 0965 | r92z, Mar. 27 | 7.3 |+31 | 15 6 2 
C 966 Mare.) | ics o|et-amuilcor << aeaie |r Red region 
C 1007 Apr. 28 | 8.9 |+63 | 15 5 2 
URSICIOR Tc coterie ea ese gi C 1038 May 26 | 9.2 |+o1 | 15 5 2 
y 11079 | 1922, May 17 | 6.8 |+ 4] 10 4 I 
y IIlI7 June 14 | 8.0 |+32 | 15 5 2 
C 1784 July 11 | 8.9 |+50 | 15 6 2 


spectrographs with 18-inch camera-lens foci, and are of the usual 
photographic region unless otherwise noted in the remarks. The 
7 plates were secured with the 60-inch reflector; the C plates with 
the 100-inch Hooker reflector. The column headed “Phase” gives 
the number of days before (—), or after (+), the nearest maximum. 
The intensities of the bright hydrogen lines are estimates of the 
strength of the lines on the negatives, no allowance having been 
made for instrumental or other observational effects. Hf is usually 
overexposed and the estimates of this line are doubtless only rough 
approximations. 
X ANDROMEDAE, H.D. 1167 
Remark in H.D.: 


On a photograph taken November 8, 1904, the spectrum was estimated 
Mb, having Hy and Hé bright, and equal in intensity. 


The Mount Wilson plate taken on November 13, 1921, shows 
a spectrum similar to that of R Andromedae (C 137), but resembling 
still more closely R Geminorum (C 133) and S Ursae Majoris 
(C 373). The M bands are not recognizable and must be very 
weak, if present at all. Of the bright hydrogen lines, Hé is not 
seen, Hy is a fairly strong narrow line, and Hf is overexposed. The 
intensities of HG and Hy are perhaps as six or eight to one. This 
estimate is best made from the plate taken on the following night, 
which has much less exposure, and on which the strong bright HB 
line is the only outstanding feature; Hy is clearly seen but is very 
weak. 
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It is evident that at the 1921 maximum the spectrum differed 
very greatly from that at the date of the Harvard observations which 
was less than a month after the 1904 maximum. Changes of this 
character are of the highest interest as bearing on the relationships 
between classes M and S. It is hoped to discuss them in a sub- 
sequent contribution, after more observational data have been 
secured. 

R ANDROMEDAE, H.D. 1967 

Remark in H.D.: 


The spectrum is very peculiar, and does not appear to be of any division 
of Class M: In the continuous portion between Hf and Hy it resembles the 
spectrum of zt Gruis, R.A. 225166, Dec. —46°27’, and should probably be 
placed in some division of Class R. The continuous portion of the spectrum is 
very faint in the region having shorter wave-length than Hy. The hydrogen 
lines Hg, Hy, H6, and H¢ are bright. H is about 0.3 as bright as Hy and Hé 
which are nearly equal. 


If we applied to S-type stars the criteria of absolute magnitude 
developed by Adams and Joy for K and M stars, R Andromedae 
would appear to be of high luminosity (perhaps comparable with 
K and M giants), since \ 4215 is strong and \ 4455 weak. The 
bright hydrogen lines are very conspicuous. The Harvard and the 
Mount Wilson observations agree in making bright H¢ stronger 
than He. This circumstance is discussed on page 15. Several 
narrow maxima are present in the continuous spectrum, some of 
which, at least, are doubtless true emission lines. Among these 
are the enhanced iron lines Ad 4584, 4924, 5018. (See page 16.) 


U CASSIOPEIAE, H.D. 4350 
Remark in H.D.: 
The spectrum resembles that of R Andromedae, H.D. 1967, and does not 
appear to be of Class M. Hy and Hé are bright. On a photograph taken 


July 10, 1894, these two lines are of equal brightness, but on photographs of 
October 8, 1896, and December 1, 1905, Hé is from 3 to 6 times as bright as Hy. 


The spectrum shows considerable difference from that of 
R Andromedae (C 137) and more nearly resembles that of R Gem- 
inorum (C 133). There is a definite indication of the titanium 
band at \ 4954, and possibly a trace of the one at \ 4761. 
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S CASSIOPEIAE, H.D. 7769 
Remark in H.D.: 
The spectrum is peculiar, and does not appear to be of Class M, but to 


resemble in characteristics that of R Andromedae, H.D. 1967. On several 
photographs examined the brightness of H varies from 2 to 10 times that of Hy. 


a 


On the Mount Wilson spectrogram, y 10755, bright H® is 
several times as strong as Hy. The continuous spectrum is very 
weak but traces of the principal S features are seen. 


T CAMELOPARDALIS, H.D. 29147 
Remark in H.D.: 
The spectrum resembles Class R, in having the strong absorption band 


4640-4750, and other dark bands between Hg and Hy. It is very faint in 
the region of shorter wave-length than Hy. 


The only Mount Wilson plate is underexposed but several of 
the chief S features can be identified. 


R ORIONIS, H.D. 31798 
Remark in H.D.: 
The line H@ is bright. The spectrum shows strong dark bands and may 
belong to Class R. 


HeDw25155 
Remark in H.D.: 


The spectrum resembles that of rt Gruis in the region from Hf to Hy. 


Omitting the bright hydrogen lines, this spectrum is on the whole 
a very good match for that of R Geminorum (C 133), although a 
few of the less conspicuous absorption lines are weaker than in 
R Geminorum and there are slight differences in the characteristic 
S structure near \ 4650. The titanium bands are more prominent, 
that at \ 4954 being fairly strong, with indications of others. 


R LYNCIS, H.D. 51610 
Remark in H.D.: 


The spectrum does not appear to be of Class M, but to resemble that of 
R Andromedae, H.D. 1967. The lines H@, Hy, and Héare bright. On photo- 
graphs taken November 27, 1905, and December 12, 1907, the line Hy was the 
strongest bright line. Hand Hé were respectively 0.4 and 0.1 as strong as Hy. 
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The Ann Arbor observations indicated that this spectrum is 
similar to that of R Cygni as observed by Wright. See Publications 
of the Observatory, University of Michigan, 2, 52, 65, 1910. 


R GEMINORUM, H.D. 53791 
Remark in H.D.: 


The spectrum is peculiar and resembles that of Class R rather than Class M. 
Two dark bands are present between Hg and Hy. On photographs taken 
October 25, 1906, and October 12, 1910, Hy is bright. The spectrum is not 
seen in regions of shorter wave-length than 4300. 


As compared with R Andromedae there is a general similarity 
but many differences ‘are obvious. Bright Hé is much weaker 
relatively to Hy than in R Andromedae. The continuous spectrum 
does not extend as far toward the violet. The absorption line \ 4554 
is much stronger and broader. There are numerous differences in 
the relative intensities of lines and in the details of band structure. 
The spectrograms of the red region record Ha as a bright line, and 
show the strong absorption band at about A 6470, which was photo- 
graphed by Wright in the spectrum of R Cygni (Monthly Notices, 
72, 548, 1912). 

R CANIS MINORIS, H.D. 54300 

Remark in H.D.: 


The spectrum is peculiar and resembles that of R Andromedae, H.D. 1967. 
On photographs taken February 3, 1897, February 1, 1910, and January 24, 
tort, the line Hy is bright. 


The spectrum differs somewhat from that of R Geminorum, 
and decidedly from that of R Andromedae. As compared with 
R Geminorum (C 133) there are some dissimilarities in the details 
of the band absorption near A 4645, and a feature at \ 4736 is quite 
different. The plate of the red region is badly underexposed but 
shows the Ha line to be bright. 


H.D. 58881 
Remark in H.D.: 


The spectrum is not seen in the region of shorter wave-length than 4200. 
It resembles that of wt Gruis. Bright and dark bands are situated between 
H8 and Hy. 
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T GEMINORUM, H.D. 63334 
Remark in H.D.: | 
On a photograph taken February 8, 1893, the spectrum is peculiar and prob- 
ably resembles that of R Andromedae, H.D. 1967. It is very faint except in 
the region between Hg and Hy. The lines Hy and Hé are bright. 


@ 


The spectrum is much like that of R Geminorum, though not 
an exact duplicate. 


H.D. 03733 
Remark in H.D.: 


In the region of 4700, the spectrum resembles that of rt Gruis, R.A. 2251676, 
Dec. —46°27’. It is very faint from Hy to the end of shorter wave-length. 

Except for the bright hydrogen lines, which are missing, this 
spectrum is a rather close match for that of R Geminorum (C 133). 


V CANCRI, H.D. 70276 
Remark in H.D.: 


On a photograph taken March 30, 1892, the lines HS and Hy are nearly 
equally bright, and the spectrum is very faint from Hy to the end of shorter 
wave-length. The spectrum may resemble that of R Andromedae, H.D. 1967. 

This spectrum is much like that of R Geminorum, but the band 
absorption is slightly weaker. 


S URSAE MAJORIS, H.D. 110813 

Remark in H.D.: 

On photographs taken February 22, 1906, and April 26, 1909, the spectrum 
is of a peculiar class, and resembles that of R Andromedae, H.D. 1967. The 
line Hy is bright. A bright band is situated at about 4645. 

This spectrum is much like that of R Geminorum. Certain 
changes dependent on the light phase have been observed and will 
be described in another contribution. 


H.D. 121447 
Remark in H.D.: 


The spectrum is not seen in the region having shorter wave-length than 
4200. It bears some resemblance to the spectrum of az Gruis between H8 
and Hy. 

With the exception of the bright hydrogen lines, which are 
missing, this spectrum is a fair match for that of R Geminorum 
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(C 133), although there are some differences in the relative intensi- 
ties of certain features. The band absorption is weaker. 


R CAMELOPARDALIS, H.D. 127226 
Remark in H.D.: 

On a photograph taken May 20, 1890, the spectrum is peculiar with bright 
and dark bands between HB and Hy, and resembles that of R Andromedae, 
H.D. 1967. The lines Hg, Hy, and Hé are bright. The relative intensities 
are 2, 10, and 2. 


All of the Mount Wilson plates are underexposed. The con- 
tinuous spectrum is too faint to classify with certainty, but it is 
probably of class S. 


RW LIBRAE, H.D. 136734 
Remark in H.D.: 


On a photograph taken June 3, 1907, the spectrum has the lines Hf, Hy, 
and Hé bright. The intensities are 8, ro, and 3, respectively. The continuous 
spectrum is much stronger between Hf and Hy than in other portions. It is 
not well defined but probably resembles that of R Andromedae, H.D. 1967. 


H.D. 172804 
Remark in H.D.: 


The spectrum is faint. It may resemble that of the variable star 043065, 
T Camelopardalis, H.D. 29147. 

With the exception of the bright hydrogen lines, which are 
missing, this spectrum closely resembles that of R Geminorum, but 
there is more contrast in certain features. The band absorption 
is probably stronger than in any other non-variable S-type star 
observed at Mount Wilson. Parts of the spectrum are much like 
that of z* Gruis, but a band-head near \ 4736 is lacking. The 
plate of H.D. 172804 was secured by Mr: Sanford in connection 
with his program for class R stars. I am indebted to him for per- 
mission to make use of it. 


T SAGITTARIT IQIOI7 


Remark in H.A., 56, page 211: 


The spectrum changes from Mdo to Md4, on 8 plates. H6 apparently 
changes from 30 to 70. On two plates the spectrum is peculiar, and on one 
plate it is Class Md peculiar. 
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On the Mount Wilson plates the continuous spectrum is too 
faint to classify with certainty but is probably of class S. 


R CYGNI 193449 
Remark in H.A., 56, p. 211: 


The spectrum of this star is peculiar, and shows changes on the various 
photographs. 


This spectrum resembles that of R Geminorum (C 133) more 
than that of R Andromedae (C 137), but has the band absorption 
somewhat stronger than in R Geminorum. Photographs of the 
spectrum of R Cygni were secured by Wright in December, 1911, 
and are described in the Monthly Notices, 72, 548, 1912. The 
Mount Wilson plate of the red region is underexposed, but shows a 
strong bright Ha line and the prominent band at about A 6470 as 
observed by Wright. Visual observations by Espin, recorded in 
the Monthly Notices, 72, 546, 1912, indicate that during the latter 
part of 1911 the spectrum varied as the brightness increased. The 
recent Mount Wilson photographs, including some not listed in 
Table II, also show very considerable changes in some features of 
the spectrum. ‘They are briefly described in the Publications of the 
Astronomical Society of the Pacific, 33, 206, 1921. A more complete 
discussion of the changes is reserved for another paper. 


a GRUIS 
Remark in H.A., 56, page 219: 


The spectra of T Camelopardalis and z* Gruis resemble each other and are 
very peculiar. The absorption band between 4640 and 4750, is present, and 
almost all of the continuous spectrum between this band and Hy is cut out by 
other strong absorption bands. 


This star is too far south for the Mount Wilson telescopes, but 
slit spectrograms taken at the Lick Observatory station at Santiago, 
Chile, in July and September, 1915, have been made available to 
me through the kindness of Dr. Campbell and Dr. Moore. This 
spectrum is the only one thus far observed with slit spectrographs 
which resembles R Andromedae more than R Geminorum. Several 
bright lines or maxima are weaker in 7" Gruis than in R Andromedae, 
but on the whole the similarity is very close, with, of course, the 
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exception of the bright hydrogen lines which are seen only in 
R Andromedae. The general similarity of the absorption-band 
spectra of these two stars was clearly brought out by Miss Cannon 
through a comparison of the Harvard objective-prism plates. See 
Publications of the American Astronomical Society, Twenty-third 
Meeting, Ann Arbor, 1919. 


GENERAL DISCUSSION 


The resemblance between classes R and S which appears from 
objective prism observations, is seen by means of slit spectra to be 
of the most general character only. The band in the blue is of 
decidedly shorter wave-length in class S, and there is throughout 
this region a marked lack of correspondence in the spectral details. 
On the other hand some of the characteristic S features are rec- 
ognizable in the spectra of many giant stars of classes K and M, 
being more strongly developed in some stars than in others. From 
the comparisons which have thus far been made it appears that in 
general S stars are more closely related to giant Ma stars than to 
those of other types. 

The most characteristic feature of the S spectrum is perhaps a 
complicated structure in the region \ 4630 to \ 4660. ‘This appar- 
ently consists of both absorption and emission lines and probably 
also contains one or more band-heads in absorption. A fairly 
definite idea of this portion of the spectrum may perhaps be gained 
by comparing the illustrations with the data in Table III. An 
absorption band in the red with its head near \ 6470 and extending 
toward longer wave-lengths is probably characteristic of class S, and 
may prove a useful criterion for classification. 

The wave-lengths in Table III depend upon measurements of 
one-prism spectrograms of several variables of class Se. In the 
second column, a denotes absorption line, e, emission line or maxi- 
mum, bh, band-head. The values given in the table were com- 
puted upon the assumption that the e features have the same 
velocity displacement as the bright hydrogen lines, and that they 
are systematically o.2 A toward the violet from the absorption 
lines. ‘Thus the emission lines and maxima were corrected for the 
apparent velocities obtained from the bright hydrogen lines, while 
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TABLE II 


CuteF FEATURES IN CLass S SPECTRA \ 4500-A 4860 
AEST A IT ST Sn RON TTS 


LA. Character Intensity | Identification 
COO Olam iiis staat ensicoay teteteer a es ar rer cet 
Aen e Vat sume O|(eetee ee 
Racor lias ere Soest a 2 Tie 
PR a Neat aa eee Reet Bec TTR € Varig |these ee 
CURE Co hence pacar a A ae et ede a eZ Bar 
GT. ae ae a a Tee eRe eS eae A a 2— | Ti? 
— Bee Oca ere ee a 3 Ti+? 
Oc smemaei race erm e a Tc ate Sse 
AMO ae oe ocis etic ORT ete Se a 5 Ba 
De Oneeincke Hosa etnies oe a 1 ae 
QBRO wesetere cscs s ras cease fore'sye E.G etsorate eeeece ll corer vette 
| BRROIRIS So. crete CET er aoe a S Mg+? 
BO Ovi c ole aecPnincisratel anny a I Vv 
gs Se CO Ee MRR REE e var. Fe Enh 
GAD Ce cites ae sierra eras 8 a 2 
SO eos ope doth « Brelmrgrer lois He Pa lapreretcan ceerrecl Pacerd promG o- 6 
QA Bacio ie tee sels xe hain a 2 
eos aioe ahs jolt se vvacre ede lovar a 3 SI-e? 
OE ee velete eV ors.tte ad nxokoreusbaste leet, savereayl| a seemienor 
Nee cre yeinncs eke eee cae a fe ae a aoa cc 
EAN OM creit ere aan fc aPerehetee CRS Ch > (ok Me. tteyeral | ere 
ee Serco ener Aenea a 2— Cry 
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NOTES TO TABLE IIT 


4511.4 €. This has been observed as a bright line in the spectra of four Md variables. 
4521.4 €. This has been observed as a bright line in the spectrum of one Md variable. 
4644.3. Center of broad absorption space. 

4652.4 e. Broad or double. 

4828.0 a, 4832.04. These lines are very persistent although of moderate strength. 
4448.2. A maximum, possibly a bright line, has been measured in this position on 


twelve plates. 
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an additional correction of —o.2 A was given to the absorption 
lines. The need of this correction was indicated by measurements 
of a few plates in the region \ 4100-h 4500. ‘The relative displace- 
ment of bright and dark lines is analogous to that well known in 
Md spectra. The proper amount of the correction for the S spectra 
is possibly somewhat greater than 0.2 A but the data are too meager 
to yield a precise value. In one N variable Moore’ found a corre- 
sponding displacement of 0.2 A. In Md variables it appears to bea 
function of the light period, being 0.25 to 0.3 A for the average 
period of the Se stars. 

Continuous spectrum.—These stars are red, the color-indices of 
the variables probably being as great as that of the Md variables, 
namely, 1.8 magnitudes. As compared with Ma stars, the continu- 
ous spectrum falls off toward the violet from about \ 4500, and with 
greater rapidity after \ 4430. 

Absorption lines.—Table III shows the chief absorption lines in 
the region \ 4500-A 4860. The strength of the barium line \ 4554 
makes it an outstanding feature. This line and \ 4607 (Sr) are 
much stronger than in classes K and M. The strength of d 4496, 
compared to the neighboring line, d 4494, is also notable. Only two 
or three spectrograms are available for the study of the region from 
4450 toward the violet. Judged from these, the absorption spec- 
trum in this region is more like that of class M than at the longer 
wave-lengths. In several portions of the spectrum there is, in fact, 
a considerable degree of correspondence between absorption lines 
in classes S, M, and N, in spite of their notable differences. 

Bright lines:—The wave-lengths marked e in Table III refer to 
rather broad? maxima which vary in prominence in different spectra 
(especially AA 4511.4, 4521.4, and 4583.6).. In some spectra they 
are scarcely distinguishable from portions of continuous spectrum 
lying between absorption lines or spaces; in other spectra they 
appear to be outstanding bright features, decidedly above the gen- 
eral intensity of the neighboring continuous spectrum. Thus, 
while the designation e in the table may be considered merely as 

t Lick Observatory Bulletin, 10, 160, 1921. 


2 Exception should be made for \ 4511.4 and d 4521.4, as these wave-lengths corre- 
spond to fairly narrow lines, the former appearing nearly monochromatic. 
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describing the more conspicuous maxima, it is believed by the 
writer that they probably correspond to actual emission. This 
is borne out for \ 4583.6, which is identified with the enhanced iron 
line \ 4583.8, by the presence of similar lines at dA 4924, 5018, 
corresponding to other well-known enhanced iron lines. 

As in class M’, stars showing bright hydrogen lines are long 
period variables. The bright hydrogen lines have quite different 
properties, however, in the two classes. In class S the less refran- 
gible lines are stronger, but they rapidly decrease in intensity in 
passing toward the ultra-violet.2 The relative intensities of H@, 
Hy, and Hé are shown in Table II. The lines to the violet of 
H6 are usually too weak to be observed, even when H{ is strongly 
overexposed. In fact, He has never been seen on the Mount Wilson 
plates of S spectra. In one or two stars, however, the bright H¢ 
line has been recorded here and also at Harvard. Thus, in these 
cases at least, Hf is stronger than He. As is well known, this is also 
true in Md stars. It is particularly interesting to find it so in S 
spectra, where the Balmer series has widely different characteristics, 
as this circumstance lends support to the not wholly acceptable 
conclusion that He is actually emitted, but subsequently weakened 
through the absorption of overlying calcium vapor. Ha is bright 
on the few plates of the red region thus far secured. 


t Certain M stars recently found to have bright lines either do not vary in magni- 
tude, or vary irregularly through a small range. Some of these stars are dwarfs 
(Adams and Joy, Publications of the Astronomical Society of the Pacific, 32, 158, 1920, 
and 34, 174, 1922), and others (ibid., 34, 175, 1922), while evidently giants, have spectra 
differing markedly from that of o Ceti and other well-known Md variables. Con- 
sidering only stars whose underlying spectrum is similar to that of the typical M giants, 
we find what seems to be a perfect correspondence between variability and the 
presence of bright hydrogen lines. 

2 This is also true of the hydrogen lines in the peculiar M stars referred to in the 
preceding footnote, but, as these lines are reversed or somewhat widened, their appear- 
ance is different from the narrow hydrogen lines in S stars. See Publications of the 
Astronomical Society of the Pacific, 34, 175, 1922. As observed with one-prism dis- 
persion, the Hy and H6 lines of S spectra appear monochromatic. On most of my 
negatives H@ is too strong to judge of its real character. It may be slightly 
widened. 

3 Comparable estimates of the intensities of the bright hydrogen lines in Md 
spectra may be found in Table III, Mt. Wilson Contr., No. 200; Astrophysical Journal, 
53, I91, 1921. 
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In comparing the relative intensities of the bright hydrogen 
lines as given by remarks in the Harvard publications with those of 
the Mount Wilson plates as shown in Table II, there seem to be 
many striking differences, but allowance must be made for the 
fact that in many cases the Harvard observations were made with 
emulsions much less sensitive to the H@ region (relatively to Hy 
and H6) than those now in use. I do not know whether or not a 
difference in focus between these lines on the Harvard plates could 
have affected the apparent relative intensities. 

An unexpected feature is the presence of the enhanced lines of 
iron, \\ 4584, 4924, 5018. We have been accustomed to think 
of enhanced lines as being prominent in classes A to G, especially 
in the intrinsically brighter stars, and becoming inconspicuous in 
the later (redder) spectral classes. The presence of the above- 
mentioned lines in these red S variables, as well as the observations 
by Adams, Joy, and Humason of enhanced lines in certain peculiar 
M stars,’ represents, in our present limited knowledge of stellar 
conditions, an anomalous circumstance which invites investigation. 

The mean period of sixteen class S variables is 364 days. This 
is about the same as that of the Md stars having the more advanced 
spectra. The data for the Md stars in the following small table are 
taken from Harvard Annals, 76, Table IX. 


Class Number Period 
IMdlia. AMS r conti oe ee ere go 260 
VEG cect ot ties Oe meres Se 70 302 
MGSO. 1Onane ree mem orn 67 355 
SER ac iewuewioneh aime Sete ees 16 364 


The recognition of the S stars as a distinct group may remove part 
of the difficulty in studying the relationship between spectral type 
and period among the long period variables. 

The evolutionary relationship of class S stars to those of other 
classes, as well as the dependence of spectral modifications upon 
absolute luminosity, present highly interesting problems for future 
investigation. 


* Publications of the Astronomical Society of the Pacific, 34, 175, 1922. 
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It seems probable that the S stars form a third division of the 
giant sequence, and that they are related more closely to M than 
to N stars. Whether or not stars exist having spectra intermediate 
between Mb, Mc, and the advanced S type remains to be deter- 
mined, but it is suspected that it may be possible at least to fill the 
gap between Ma and the early S spectra. A tentative notion of the 
spectral relationships among red stars is represented by the dia- 
gram in Figure 1. 

Many questions are suggested which cannot profitably be dis- 
cussed here. One noteworthy circumstance, however, may be 
pointed out, namely, that along each of the three branches, M, N, 
and S, there is an increasing tendency toward variability in light, 
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Fic. 1.—Hypothetical relationships of red stars 


and toward the presence of bright lines in the spectra. Certain 
facts' might be interpreted as indicating that the general cause of 
the light variations is essentially the same in both Md and Se 
stars, with the possibility that the differences in spectrum are due 
either to differences in conditions which are not important in con- 
trolling the amount of light radiated, or to differences in chemical 
composition. Dr. Shane, who made a special study of N-type 
variables,” is of the opinion that the main causes underlying the 
light variations are probably common to both Md and N stars. 
It is not easy to say, however, just what generalizations may 
properly be drawn from the analogies between the M, N, and S 
branches. ‘The effective temperatures are probably not the same, 
2 Observations of R Cygni bearing on this matter are briefly discussed in the 
Publications of the Astronomical Society of the Pacific, 33, 206, 1921. 
2 Lick Observatory Bulletin, 10, 79, 1920. 
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as several lines of evidence, especially the measurements of heat 
indicest by Nicholson and Pettit, indicate that the effective radiat- 
ing temperature of the variables similar to o Ceti is decidedly lower 
than that of other red stars. 

It is hoped to treat the radial velocities of Se stars, the red por- 
tions of the S spectrum, the variable spectra of certain S stars, and 
the general relationship between classes M and S in future con- 
tributions. 


Mount WILSON OBSERVATORY 
August I7, 1922 


NOTE ADDED APRIL, 1923 


H.D. 58881 was provisionally included in the list of S-type stars, Table I, 
from the brief description in the Henry Draper Catalogue. A spectrogram of 
this star was secured here with the 7-inch camera on April 3, 1923. The 
spectrum is undoubtedly of class S. With the exception of the bright hydro- 
gen lines, which are missing, it closely resembles S Ursae Majoris as observed 
with the same dispersion on July 23, 1921. 


t Publications of the Astronomical Society of the Pacific, 34, 181, 1922. 
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THE BEHAVIOR OF SPECTRAL LINES AT THE 
POSITIVE POLE OF THE METALLIC ARC 


By PAUL W. MERRILL 
ABSTRACT 


Classification of arc lines by relative strengthening at the positive pole-—In the Pfund 
type of arc there is a small well-defined region of luminous vapor just above the point 
where the core of the arc enters the molten bead which forms the positive electrode, 
and at the boundary of this region many spectral lines change suddenly in intensity 
to a greater or less degree. By keeping the core of the arc steady and focusing it on 
the slit of a 30-foot Littrow spectrograph, plates were obtained from which it was 
possible to group about 500 zron lines from \ 3849 to \ 5763 into six classes: change im- 
perceptible (0), slight (z), small (2), sufficient to double the intensity (3), great (4), or 
very great (5). The relationship to the furnace classification of King was studied for each 
group. In general the strengthening at the pole is greater for the high-temperature 
lines, the average class for King’s classes I, II, and III being, respectively, 0.2, 1.0, 
and 1.9. But the average for classes IV and V is only 1.8, and for the diffuse lines of 
these classes, only 1.3. Lines of each temperature class are also found in each of the 
positive-pole classes 0, 1, and 2; hence the correlation is only fair, although probably 
as close as can be expected with such different modes of excitation. The strengthening 
of the enhanced lines is very marked (average class being 4), so that positive pole obser- 
vations may be useful in distinguishing these lines. The classifications of 180 cobalt 
lines < of some nickel lines show the same general relationships as were found for the 
iron lines. 


An interesting recent development in spectroscopy has been the 
increasing importance attached to the classification of spectral 
lines according to their behavior under various conditions of exci- 
tation. This has been due in part to the desire to provide an im- 
proved basis for the interpretation of spectroscopic observations of 
various light sources, particularly of celestial objects, and in part 
to the wide discussion of the quantum and ionization theories of 
the emission of spectral lines. 

It has long been recognized that the relative intensities of lines in 
light from different portions of the electric arc afford a means by 
which the lines may be grouped. Most of the spectroscopic investiga- 
tions of the structure of the arc have been concerned with the carbon 
arc, but a number have dealt with arcs between metallic electrodes. 
Among the phenomena observed in metallic arcs, one of the most 
interesting and important is, that near the poles, especially the 
positive pole, lines appear which are absent or very weak in the 
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center of the arc or in integrated arc light, but which are char- 
acteristic of the disruptive spark. Photographs made by the writer 
in 1919 exhibited this property of enhanced lines very clearly, and 
also showed systematic effects for other types of lines. The general 
results of a study of these photographs" are described in the present 
paper. 

Iron was the element most extensively observed in this investiga- 
tion. The arc used was of the Pfund type, the upper, negative 
electrode consisting of an iron rod, the lower, positive electrode of a 
drop of molten iron oxide. A copper rod hollowed out at the upper 
end served as a holder for the iron oxide and made possible an 
arc with a spheroid of oxide slightly smaller than usual. With 
currents of about two amperes the arc burned steadily with a small, 
sharply-defined, circular, bright area on the molten surface, from 
which the core of the arc proceeded. It proved important for the 
present purpose to have this positive ‘“‘bead”’ localized and steady, 
for the vapors immediately surrounding it were the source of the 
special phenomena described in the following paragraphs. The 
general appearance of this portion of the arc is well shown in the 
illustrations accompanying papers on the iron arc by St. John and 
Babcock.? 

An image of the arc was projected in such a way that the line 
joining the electrodes coincided with the slit of the 30-foot Littrow 
spectrograph. In the photographs thus obtained each spectral 
line represents the emission of that radiation along the axis of the 
arc. The actual arc length was about 5 mm, the magnification 
of the image three times. Currents ranging from 1.5 to 3.2 amperes 
at 250 volts were employed. 

The particular subject dealt with in the present paper is the 
increase in the intensity of spectral lines at the bright end of the 
arc core just off the positive pole. The effects at the positive pole 
are more sharply localized than those at the negative pole. Most 
lines show a continuous increase in intensity on passing from the 


* Reported upon at the Pasadena Meeting of the Pacific Coast Section of the 
American Physical Society, June, 1919; Physical Review, 14, 271, 1910. 
2 Mt. Wilson Contr., Nos. 106, 137; Astrophysical Journal, 42, 231, 1915; 46, 138, 
1917. 
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SPECTRAL LINES AT THE POSITIVE POLE 3 


center to the negative pole, but on approaching the positive pole, 
there is, for an affected line, a sudden increase in intensity at a 
point corresponding to the boundary of a small bright volume 
contiguous to the pole. 

Nearly 550 iron lines between wave-lengths 3849 A and 5763 A 
were Classified according to the increase of intensity at the positive 
pole on the following basis: 
no increase 
slightest observable increase 
small increase 
considerable increase (intensity about doubled) 


great increase 
very great increase 


mn PWN HH O 


The relationship of this classification to other classifications of 
the same lines is exhibited in Table I, which gives for each class 
the number of lines of each degree of pole strengthening. Thus 


TABLE I 
PositIvE POLE STRENGTHENING OF IRON LINES 


Class ° I 2 3 4 5 Total Average 
lh 3 Cane aca nee si 10 Dayal ahvenecatss| rete nore arate 63 0.2 
MLS Sepia chen cyovd selec ai « 18 I5 IO en a ee archos c 46 1.0 
Were sat rics se ohne os 2 24 50 TAY | eRe aety | aac gI 1.9 
INE ee eee eee 4 29 65 21 Beef cacee ise 122 2.0 
LT 5 eee ae 3 16 DSS eae. !| Geechee feeenetanses 34 1.4 
Ao ieee a ee I5 24 PE Roe Aleta ve) 2 41 1.8 
EIS Ge OSE ee I 19 (fe let racial nea lacs. aoe 26 ne2 
hive tts ey EAS COA Oren (ae I 4 8 DT Vsscomere I4 2.6 
Te 3 nig oie Eee I 8 12 7 28 3.9 


the numbers in the first row indicate that out of sixty-three class I 
lines fifty-one were not strengthened, ten were very slightly strength- 
ened, and two showed a somewhat greater increase at the positive 
pole. The Roman numerals I-V refer to the temperature classes 
determined by King‘ from data obtained by use of the electric 
furnace; E indicates enhanced lines, and e, lines with a negative 
pole effect.2 In compiling the numbers for this table it was noticed 

™ Mt. Wilson Contr., Nos. 66, 247; Astrophysical Journal, 37, 239, 1913; 56, 318 
1922. 


2 St. John and Babcock, Mt. Wilson Contr., No. 202; Astrophysical Journal, 53, 260, 
1921, 
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that many of the lines which fell in columns o-2 of rows IV and V 
were broad or nebulous. Accordingly all lines of these classes that 
are so marked, either by King' or Burns,? were separated and placed 
in rows [Vu and Vn. 

The chief facts brought out by this study may be seen by inspec- 
tion of Table I. To facilitate comparison of the various types of 
lines, the average value of the pole strengthening for each has been 
placed in the last column. ‘The progression in these average values 
is shown by the following grouping: 


The e lines in the green, \ 5364—-A 5598, are of special interest. 
They are in furnace class V and are greatly strengthened at the 
positive pole. In confirmation of the observations of St. John and 
Babcock it was noted that at the positive pole these lines are dis- 
tended toward shorter wave-lengths. The d lines in the regions 
A 5232-A 5624 are in class IV and in group 2 as regards pole 
strengthening. 

The enhanced lines, designated by E, are from Lockyer’s table, 
with a few additions from other sources. The degree of strengthen- 
ing at the positive pole seems to be approximately proportional to 
the amount of enhancement in passing from arc to spark, but the 
data at hand do not allow any precise determination of this relation- 
ship. They suggest that there is a sequence of types of lines from 
Tat one end to enhanced lines at the other; that classes I, II, and III 
follow in regular order, but that classes IV and V contain two types 
of lines, one type continuing the sequence I-III and connecting 
it with the enhanced lines, the other type similar to the nebulous 
lines in regard to furnace behavior and pole strengthening but not 
separated from the others by the present treatment of the data. 
If these remaining lines, which really belong to the subgroup 
represented by ‘‘n,” were removed, it is possible that the pole 
values for the remainder of the group would rise, and perhaps take 

x Loc. cit. 2 Lick Observatory Bulletin, 8, 27, 1913. 
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an appropriate position between classes III and FE. To make a 
complete separation of the classes IV and V into two subgroups 
would be rather difficult; because the characteristics of the two 
apparently overlap. That is to say, while subdivisions are in- 
dicated with definite differences between them, lines intermediate 
in their characteristics may not be lacking. It would appear rather 


TABLE II 


PoLE STRENGTHENING oF INDIVIDUAL IRON LINES 


d Rowland Furnace Positive Pole » Rowland Furnace | Positive Pole 
BQSOLLO2 se orcaw vie Ul I A2GOROAO MET erie iil 2 
ROGERSED aic.c ich onc IV 2 ASOBR OST era sera IJ ° 
BOOO2 21221 a cas TEE 2— A20%.030. 4-72 IA ° 
BQ0O. 77S s «ae oo IV 2 420A. GOLa erat II ii 
ALOO. QOL risers ss «+ IIA ° WTS YS Go ae II o+ 
LOU ROAG seekers oe Til 3- BAQTCAS2 ame ee I ° 
PETE OOS. coir. TIA ° AASORBOL tenner Til 3 
ATO sO EO sic: osccs:s's I 3 AAGTEOUO meet tet I ° 
TOO s2 OF etsi Vacasars-e Til 2 AASOLOL EAs teers IA ° 
A202 TOO Ge oe I ° 4AQ4 738 ares ai Til I 
A2OO OOD Ne el o'ss = TA ° A523 47,0 Oot It 2 
AZIOSAOA s  4.c:s 50 Til 2 ASG ise esa: i ° 
ADEGHACT corre ras) <.! I ° AQLO. LAs wace ts Ii 2 
ABI O RTOs cs «3 IV 4 4O30, O08 eae I ° 
BIRO OCR Te chee s as IA ° BOSOLOOS mE ae iI 2 
AI RTT Disa elefarn = © “AM iS ONT Gost eaers I ° 
AZO 207i © tes was Til fc OO AS Aeterna s TA ° 
AIS OsO4 Saree on II o+ Sty fine 77 Ohara ciate II re 
ADM BO a en caves ce Til I+ ey We RE Gee II ar 
ADT Un OS4 slate sis.s 2 IBF I Beit GM oh weno I ° 


arbitrary to attempt a division on the basis of the pole data alone. 
Probably the division based on the sharpness of the lines could be 
The results would be of value when correlated with 


carried farther. 
The e lines are peculiar in that, although lacking in 


pole data. 


sharpness, they have high pole strengthening. 
It may be of interest to cite several examples of individual lines 
showing different behavior at the positive pole. 


For this purpose I 
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have chosen pairs of lines in King’s list of ‘‘ Neighboring Lines Which 
Are Differently Affected in the Furnace.’* This will be sufficient 
to exhibit typical behavior of the various classes, and also some of 
the common variations. Comparison with Table I will show which 
lines represent average values and which deviations.  4219.516 is 
included by Gale and Adams in the list of enhanced lines. 

Cobalt.—Estimates of the strengthening of cobalt lines at the 
positive pole of the arc were made in the same manner as for iron. 
For the summary in Table III 180 lines between the wave-lengths 
3845 and 4629 A were used. 

The bright volume of vapor immediately above the spot on the 
positive pole in the cobalt arc is not so sharply localized as with 
iron, and more lines show a gradual strengthening toward the posi- 
tive pole, so that the appearance of the photographs is slightly 
different and in some cases the estimates less definite than for iron. 
The main features of the phenomena are the same, however, and 
the mean values of pole strengthening for the different furnace 
classes are nearly the same as for iron. 


TABLE III 
PosITIVE PoLE STRENGTHENING OF CoBALT LINES 


Class ° I 2 3 4 Total Average 
| nicl oo otc ee 25 12 OE ers ene sa raked an 39 0.4 
LE Sri naiecearnieaces 2 15 8 AB ee eo rec 29 Tees 
TT Press San ote lt: oalael ars II 45 Gy pilates 65 250 
TW voiecrrseeitatoriss||\haremaes 2 9 2a he aoeute 13 2.0 
ESS Sis OE amare I 5 Fi To Wi |e ee 14 1.6 
| De NEE re I 9 5 3 20 25 


The enhanced lines in the last row are all of Lockyer’s list which 
have been observed. Some of these lines which give small pole 
strengthening do not seem to be characteristic enhanced lines. If 
this row were restricted to well-marked cases of enhancement, a 
value of 3 or 4 would be found instead of 2.3. 

Not many lines in the cobalt spectrum have been noted as hazy. 
Four class V lines of this character give a mean value of pole 
strengthening less than that of the whole class. Thus the meager 
data available agree with iron in this particular also. 

* Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 


472 


SPECTRAL LINES AT THE POSITIVE POLE Y 


A smaller amount of data for nickel indicates that the same 
general relationships exist for this element also. 


The fact that grouping the spectral lines of three elements 
according to their behavior at the positive pole of the arc gives a 
classification which runs parallel to the temperature classification 
is of interest in showing that the inherent differences of the various 
classes of lines are such as to allow them to be distinguished in 
sources other than those upon which the classification was based. 
The chief factor which differentiates the various classes of lines is, 
presumably, the degree of excitation required for their production. 
To what extent the physical conditions at the center and at the 
positive pole of the arc are identical with those in the furnace at 
low and at high temperatures is difficult to judge, but we may at 
least say that the relative effects upon the atom, as regards radia- 
tion, are comparable. 

That the unsharp lines are subject to a smaller increase of 
intensity at the positive pole than are sharp lines of corresponding 
temperature classes is an outstanding fact for which a certain 
explanation is not now available. It may be that the unsharp 
lines represent vibrations lacking in stability, being easily per- 
turbed, as shown by the lack of homogeneity, and that under the 
more intense conditions at the pole these vibrations can be exe- 
cuted by relatively few electrons. 

The ease and definiteness with which enhanced lines can be 
distinguished at the positive pole suggest that arc observations 
should be given consideration in the formation of lists of enhanced 
lines. A particular advantage is that the criterion is not the 
strength at the pole, but the increase in intensity (amounting prac- 
tically to a discontinuity) at a definite point in passing from the 
center to the positive pole. This can be shown by a single photo- 
graph, and the selection of enhanced lines should be less arbitrary 
than when based upon a comparison of the relative strength of lines 
in separate arc and spark exposures. 

The type of observations described in the present paper is possible 
only on a steady arc, such as the Pfund form of iron arc. Several 
of the metals can be made to burn in this fashion, and perhaps 
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methods can be developed by which the arcs of numerous elements 
can be sufficiently controlled to permit the gathering of similar data. 
With proper precautions, valuable results can probably be obtained 
for certain elements by using iron electrodes containing small 
amounts of the elements in question. 

At present, positive pole phenomena would seem to be most 
useful in their bearing on problems connected with the classification 
of spectral lines, but they may also prove valuable in studying the 
temperature and electrical conditions at different points in the arc. 


Mount WILson OBSERVATORY 
“August 1922 
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ORBIT OF THE ECLIPSING BINARY TW ANDROMEDAE 
By MARTHA BETZ SHAPLEY 


ABSTRACT 


Uniform and darkened orbits of the eclipsing binary TW Andromedae.—Orbits were 
calculated from 86 photographic observations made at Mount Wilson from 1914 to 
1916. The adopted elements of light variation are 


Min.=J. D. 2420051.618+49122745 E 


The principal eclipse is total and there is some evidence of variation of the large, faint 
component. The color index at maximum is +0.57 mag., at minimum +1.36 mag. 
When reduced to the photographic scale by proper allowance for color, 74 photovisual 
observations, as weil as the photographic measures, are well represented by the curves 
shown in Figs. 1 and 2, corresponding to the orbits whose elements are given in 
Table VI. 

Photographic and photovisual observations of the eclipsing 
variable star TW Andromedae were made by Mr. Shapley with the 


60-inch reflector at Mount Wilson during the years 1914 to 1916. 


TABLE I 


CoMPARISON STARS FOR TW ANDROMEDAE 


Photographic Photovisual 


Star Magnitude Magnitude Color Index 
BET O2 Bia arse edleten ies +0 10.70 9-99 +o™71 
23he7™, + 32°73’ (1900)...... 11.69 10.93 +0.76 
BED yard Ree hee tloe «<3 9.27 8.81 +0.46 


Miss Davis assisted in measuring and reducing the 160 multiple- 
exposure photographs, which contain a total of 540 images of the 
variable. 

The magnitudes of the comparison stars, Table I, were standard- 
ized by means of the North Polar Standards.*. Tables I and II 
contain the photographic and photovisual observations. The 
apertures employed range from nine inches to sixty inches; the 
exposure times from thirty seconds to two minutes. 


t Seares, Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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TABLE II 
PHOTOGRAPHIC OBSERVATIONS OF TW ANDROMEDAE 


ath, ay. | Phase | Mas. | cruuhtr. | Bap. | Passe | Mas 
2420393.646....| 5 —o4160 | 10.26 ||2420455.651....]| 4 | +od%oos | 12.22 
BOs 2053 ner eS —0.153 | 10.34 455.662...:| 4 | =-o.016 | 12224 
393-060....| 5 —o.146 | 10.51 ASS.O7G.00|0 4. 1| tO, 025 a) ac2ase 
B03 007s) 15 —0.139 | 10.59 ASOLOET. 2 5 +0.965 | 9.62 
BOBO 7On ENS —o.128 | 10.81 ASOLOLS: oe il) 4: +0.972 9.58 
BOO O37e | Aen 1-2 100 7all Ons 4500230 -ei|) 40 i -O40 7/7 OnAS 
Beye WsOacod| & —0.173 | 10.32 ASO,OZO ne Re +0.983 9.46 
HoveOecoal & —o.159 | 10.26 AES AOL Jars ine +2.970 | 9.84 
Boyjeypslanall I —0.143 | 10.53 A58).020.. 2-|| 4 | 230 70 On TO 
Ba 7Ovfoo cult & —0.132 | 10.51 ASOnS [ocean —o.192 |] 9.82 
BO7eOl 2 oiens —o.1I7 | 10.70 459.584....| 4 —o.186 | 10.13 
Avlesvoacal 5 —0.092 | 11.26 A5Oe5O0Os | a4 —o.180 | 10.02 
BoyprOeaacal! ks —o.066 | 11.66 AS ORS OTM les —0o.173 |} 10.18 
CoppgeyiOsc oa’ 5 —0.053 | 11.88 ASQ; O02%a- In 4. —o.168 | 10.23 
BoypotkeeOnava & —0.040 | 12.09 ASORO0 Jere: —0.163 | 10.17 
B80 7.003-e nS —o.026 | 17.98 A5Q.OL5 scree. —0.155 | 10.31 
BOT OLO mr ees —0.013 | 12.00 ASO \024erreai| a —o.146 | 10.24 
3072020. aaS 0.000 | 12.06 AS5O)O37 erie —0;133) |) 1Ou5u 
BO O44 ace 5 +0.015 | 12.29 459.047....| 4 —0.123 | 10.67 
BoyeOR es ooal & +o0.029 | 12.16 ASQnOSOn cine, —o.114 | 10.68 
AOvpOvRocaal 5 +0.044 | 12.12 459.667....| 4 —o.103 | 10.88 
FOWieOeW scan & +0.057 | I1.77 ASO 5070s || 4: —0.OQI } Ir.04 
303,003 eile +0.074 | 11.53 459.689....| 4 —0,081 | II.35 
BOoROL jee aes TO), Ooi pda 2 459.608....] 4 —0.072 | 11.52 
Howuceioas |) -++o.102 | 11.03 ASOT 2 Tarra, —0.043 | 11.98 
ROSCH oc ocl -+o.107 | 10.88 ASO. 730s 4. —0.034 | 12.04 
A227 O jem ales +0.042 | 12.29 ASO 745 wees 4: —OFO25 ul pE2o ee 
OPTI Ne 3 ich) +0.069 | 11.56 Sr7..060-. . 1 = 4 +o0.181 | 10.01 
422.740..-.|| 4 +0.081 | 11.38 FAO Onasch) 4 +0.188 | 9.91 
APR oc cel) A =41-0,002 | 2r. 2 Bl 7SOS Teed +o. 199 9-71 
MPX Polxa nol Lt =O, £12) | TO. or ENEUE (Vi G.o.0|| Zt +o. 206 9.65 
PEAS se ce)! =|-O), 1227) 10.53 7c O4 see +o. 216 9.64 
422070704 |--Onrs2 |) TO. 30 Cairo 9 |) SeOsQOe | Oau72 
AZQNOUE aaa A +0.146 | 10.52 |/2421050.911....| 3 +1.589 9.86 
425022: 2505 7a LOOT ©50)..094s s-mi| 13 +1.602 9.88 
AQG OST es rl +2.966 | 10.00 051.864.... +2.542 .68 
AOS (i lso6 ell Ht +-3.010 9.68 051.889.... - ae coe Ae 
BOSNIA 4.5 ol) 7) Seles |) CG CHALK o coll B +3.541 9.78 
425 0028 sald =|-3).027 || O.50 O52 COL aves =t-3500n| mOn7e 
42'5000e eal) 14 +3.034 | 9.59 OS sn COT eens +0.422 9.78 
OAS UO facie d\ +3.042 9.57 053.07 0unn 0.431 : 
PS Olio au) WZ! 13 .0O5E 9.56 Si : ee se 
455023 -1aal) 14. —O1O235 PL 2n25 
Tiss (NPs Gl. ah =O, Olu ho 0 
AG O4 2a see ia a —0,004 | II.99 
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TABLE III 
PHOTOVISUAL OBSERVATIONS or TW ANDROMEDAE 
2420396.687....] 3 +24871 9.06 ||2420458.622 3. | +24975 9.23 
S07. 740 «1 3 —o.180 9.71 458.631. 3 +2.984 9.31 
ROM TO2e- vil 3 —0o.167 9.67 459.582. By |) SSO MSR | Oye: 
397-776....| 3 | —0.153 | 9.64 459.587. 3° | —07183_; 9.36 
Bose 7TOS- 1) S| 0.136) |" 9.75 459-594. BI eas One OR EOS 
BOy.COs.. 261 3 —o.126 | 9.76 459-599. 3 | —O.17E | 9.54 
BOTTOLO Ka |) 3 —0O.1IO | 10.02 459.605. 3 | —0.165 9.44 
BO7sO508.-.| 93 —0.07I | 10.45 459.610 3 —0.160 | 9.54 
BOFoOTOse~ >| 3 —0.059 | I0.40 459.610. 3 | —0.151 9.51 
207 Gosenss|. «3 —0o.046 | 10.57 459.628. 3 —0O.142 9.49 
BOTEOOTaas 1 23 —0.032 | 10.85 459.642. 3° | 071289) 9.08 
B07. OLOsc.<| 93 —o.o19 | 10.78 459.651. B —o.1II9 9.87 
30702345. 3 —o0.006 | 11.19* 459.660. 3° | —OntrOs| "10103 
SO7OsOse. <b 3 =-0.007 | 10.77 459.674. 3) |\=07000) |eron23 
8Q7-0522- <>] - 93 +0.023 | 10.87 459.685. 3 | —0.085 | 10.25 
307.900....)) 3 +0.037 | 10.68 459.694. 3 | —0.076 | 10.42 
BOTOOo ce =| 8S +0.050 | 10.64 459.702 3 | —0.068 | 10.63 
BO72005=.2-)) 3 +o0.066 | 10.60 459.731. 3 | —0.039 | 10.90 
398.009....| 3 +o.080 | 10.40 459.740. 3, |, 08030) B1on 77; 
BOOTO24 a. tae 3 +0.095 | 10.15 459.749. 3 | —o.021 | 10.88 
Tn Iced | 63 +0.063 | 10.82 ih (Ov Re 3 | +0.185 9.47 
A22-7A0V ome 3 +0.075 | 10.64 517.081. So rOaaGyey || ave 
Ao oe 5 2ee || as +0.087 | 10.35 517.601. GW oroartees || Ooch 
A22e70002.11. 3 +o.104 | 10.08 517.608. 3. | q-O22T0 | 9223 
AipetyRowterues gle et +o.118 9.81 517.708. 3) RO 2205 |eonto 
A22. 702-1 3 +0.127 9.71 Curfe7p ise 3 | +0.227 9.38 
Bo2AOOL ae 3 +0.136 | 9.72 ||2421050.906. 2 | +1.584 | 9.08 
A2ROZO nee s +2.961 8.85: 050.919. 2 | +1.507 9.18 
A252035..<<i| 93 +2.970 9.13 051.857. Be Vo) seis 9.27 
BZeMO7O aa | «3 +3.014 | 9.07 051.885. 2, | --2, 5025 ions 
AZGAOS05.. | 13 +3.02I | 9.08 052.858. PS eeoito || ous 
A25 000.2. 3 +3.031 g.02 052.886. 2) | 1-3. S04 || mOuao 
ADGeTOZ acti) 3 +3.038 | 9.20 053.872. Dei --OnA2i 9.16 
AQ 702 :2|| 3 +3.047 | 9.08 053.881. 2 | +0.436 |] 9.23 
OK RGIOR Geo Val la Vi) +3.056 | 9.16 
B25 70000--| 4 |, 43-134) «9-50 
ASOLO. ||) 3 +o0.969 | 9.02 
AS OnO2 tena: 10S +0.975 g.10 
A5Os020ea251| 3 +o0.980 | 9.11 
ASOnOS2 ee all 3 +o0.986 | 9.02 


* Rejected observation, abnormality unexplained. 
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The period used for the reduction is that derived by van der Bilt.* 
To satisfy the Mount Wilson observations, a correction of —otoo4 
has been made to the initial epoch, giving the adopted elements: 


Min.=J.D. 2420051.618-+49122745 E. 


The individual photographic observations are plotted in Figure 1 
with the curve computed from orbital elements, based on the assump- 
tion of disks of uniform brightness. The scattering of the observa- 
tions at the bottom of the minimum is believed to be due, in part 
at least, to actual fluctuations in the light of the presumably very 
red faint component, which alone is visible at the time of principal 


eclipse. 
TABLE IV 


PHOTOGRAPHIC NORMAL PornTs FoR TW ANDROMEDAE 


| 
Number } No. Obs. Mean Phase | Mean Mag. | O-C, Darkened 


[ites Sh ee AN Sipe AE Tn ate 5a) of018 L2,54 o”00 
BSR TSE OU CSR Vin oru than 5 .044 12.07 +0.05 
a A a ee spa cPut er oto ASIA exe) see 5 .068 11.61 0.00 
Ae aerate ara asi tes where 5 .087 Ere27, +o.o1 
GWA NG s isrardte wis uptatoreim si epee 5 .103 10.96 —O70n 
Oe eatehkis ares ioc d aero ates 5 iar 10.68 —0.01 
Uikeck b's) DAS ERROR NEE CHA IRD CIRCE TAS (5 136 10.50 0.00 
SRM Ga estate svar soe eenarns 5 .149 10.38 +0.02 
/Neacnieh SOS ca cage BN aR 5 .165 10.25 -+0.05 
LORE Ca Mite ate eisen tee eres 5 .182 10.05 —0.01 
EEE. ee eee ke eee 5 ©.207 On7n —0.19 
EDint Mer Mine Bay heee weeleve tees a os a acs Saal wa pie eee ew. 9.70 ©.00 


Tables IV and V contain the mean magnitudes, photographic 
and photovisual, after reflecting all observations on to one branch 
of the curve. The first normal group of each table contains the 
observations during the phase of totality; the last includes all 
observations outside the minimum. : 

The orbits are based on the photographic light curve.2— Uniform 
and darkened elements were computed, and, together with other 
data concerning the system, are arranged in Table VI. The mean 
densities are not corrected for probable unequal distribution of mass. 

The photographic normals are plotted as dots in Figure 2, where 
the co-ordinates are, respectively, light intensity, corresponding to 

« Astronomische Nachrichten, 196, 396 (No. 4703), 1913. 


* A provisional orbit has been published by Stewart in Astrophysical Journal, 42, 
315, 1915. 
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—0.2 —o.I 0.0 +o.1 -++o.2 days 


It 


Fic. 1.—Photographic observatioas and computed uniform light-curve for 


TW Andromedae. 


Fic. 2.—Computed intensity-curves for TW Andromedae. Ordinates are losses 
of light-intensity, r—/; abscissae are sines of phase angles. 
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TABLE V 
PHOTOVISUAL NoRMAL Pornts FoR TW ANDROMEDAE 


Number No. Obs. Mean Phase Mean Mag. | O-C, Darkened 
I GERI Mrs ore eet ne vor ao ts 4 of018 10.82 +o%04 
Die ee Ua tney ME Ie ee 5 1087 10.75 —0.01 
PA DANG OUD OUT AEAA TAD 5 . O61 10.62 +0.03 
Ae Vice lec re testes eperen 5 BOViT 10.43 0.00 
Gi areg tie contra Ver heisters ie lepep eeoece tetra 5 .098 Oo. 07; —0.02 
Oidconcncve svelte nee crierans'o ate asiaie 5 120 9.83 —O,11 
“hot Ct R ROTI AP RO OT 5 .139 9.63 —0.13 
Sep cstace esta alae ae miseets eireno 5 163 9.57 0.00 
OG ewes oo nemesis 5 .182 9.47 +o.02 
TO. sec eee gene ererseeoes 5 0.211 9.25 —0.04 
TTS ys aes Seas Seat ea cers OA “es wae eee Ours ©.00 
TABLE VI 
ORBITAL ELEMENTS AND OTHER DATA FOR TW ANDROMEDAE 
Right Ascensionosic. = apace oe see eres arte antares ears 23>58™108 } 
DeChinAtion yas s, seeates cise heels hails oneks seers este erences eter ers 32°17 /3 f T9O° 
121 glove Bets aR Me He aA AA SoUOe creed Sh acm 42122745 
Nature of eclipses. acie-siacieeranie es aieiehcieiereeavaererr Total 
Pg. Py 
MibrrihebioloeensGromtien., Coonccagagcsasodouudbanasoar 9.70 One 
MieKaniMelSEis tua, 5 kG onaoucdsuuacndoesnooouNaS T2a04: 10.78 
Ranretatiphimary, mii Mun wretereeetene i eeri eer 244 1m65 
Lightot brighter: star acy end... dere oe re rete entere 0.894 0.781 
Eightottainter star < nsnamcrncnasatese trie oe ee ernare 0.106 0.219 
Golorsndexcatimaximunts een See +057 
Colorindexaf-miMNiImum eee eee +1.36 
Uniform Darkened 
Inclinationkoh Orbit’ 25., erence eee rae 81°40’ 86°2’ 
east distance:of centers'.....a'4s sites ecrmae eet eoee 0.145 0.069 
Semi-duration of primary eclipse....................-- 04256 04285 
Semi-duration,ot totality «ek eee ener 04026 04023 
Computed range at secondary minimum............. +. 002 0706 
Radivsvotbnrichtenstarecres a tren nate etter 0.127 0.174 
INaGiuisvol falntenjstars .)yemencn cee orient ae 0.275 Onz52 
IRA CO OLEACLS ba eect nc Accuses hie eee 0.46 0.69 
Most probable density of brighter star................. 0.193 0.075 
Most probable density of fainter star.................. 0.019 0.025 
Radius of brighter star in terms of sun’s radius......... Ta73 2.36 
Radius of fainter star in terms of sun’s radius.......... B57! 3.42 
Distance of centers in terms of sun’s radius............ 13.0 Tee6 
Ratio of surface brightness in photographic light........ 4o. 1h 
Photovisual absolute magnitude of brighter star........ I.4 0.7 
Photovisual absolute magnitude of fainter star......... 260) 22 
Ely potheticaliparallaxeny «eee erat tre era eee 01003 o%002 
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the mean magnitude, and the sine of the orbital longitude, corre- 
sponding to the mean phase. The full-line curve is computed 
from the darkened eleménts; the broken curve, representing the 
uniform orbit, coincides with it throughout more than half the 
eclipse. 

The photovisual normals have been reduced to the photographic 
light-curve by applying as a factor the ratio of photographic to 
photovisual range at primary minimum; they are represented by 
crosses in Figure 2. It is clear from the plot that the orbit derived 
from photographic observations satisfactorily represents both the 
photographic and photovisual data, when allowance is thus made 
for the difference in the color of the two components. 


CAMBRIDGE, MASSACHUSETTS 
March 1922 
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